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A B S T R A C T
An ongoing subject of research in the field of human motor control is the extent of 
similarities in neural activity underlying overt movement execution compared with 
imagination and observation of movement. Previous work in this area has focused 
mainly on the ‘active’ phase of movement (i.e. the period during which movements 
are actually executed, imagined or observed). Activation of motor cortical areas has 
been demonstrated during the active phase of motor imagery and observation 
suggesting that these alternative modes of movement share underlying neural 
mechanisms with overt motor execution. This thesis aimed to extend this work by 
studying the preparatory phase of movement, known to be an important part of the 
production of a motor response. Using high-density electroencephalography (EEG) 
recorded in a response-priming paradigm the effects of providing advance 
information about an upcoming movement were compared in the context of 
execution, imagination and observation of movement. For imagined movements, 
similar effects of advance information on preparatory activity were demonstrated to 
those shown prior to executed movements, providing further support for the theory 
that motor imagery activates existing neural representations of movement in motor 
areas of the brain (the neural simulation theory). For observed movements, by 
contrast, advance information about the upcoming movement did not invoke motor- 
related preparatory activity suggesting that similarities in motor execution and 
observation do not extend into the preparatory phase. This was interpreted as 
reflecting the passive nature of movement observation compared with the wilful 
generation of a motor action in movement imagery and execution. In conclusion, an 
investigation into the preparatory phase of movement in this thesis suggests that 
motor imagery, in comparison to motor observation, provides a closer correlate to 
actual movement execution in terms of shared underlying neural activation.
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C h a p t e r  O n e :  I n t r o d u c t i o n
1.1, Overview
The central aim of this thesis is to contribute to the understanding of underlying 
functional and neural similarities in information processing related to the production 
of an overt movement, an imagined movement and the observation of movement. 
Similarities in these modes of movement in terms of neural activation have been 
extensively studied by investigating the ‘active’ phase of movement (i.e. when 
movement, imagination, or observation is actually taking place). This field of 
research is not only of theoretical interest but informs the use of alternative modes of 
movement (imagination and observation) in an applied context such as motor 
rehabilitation in patients who are unable to perform overt movements. A relatively 
under-researched area in this field is the study of preparatory activity occurring prior 
to movement onset. The preparatory phase has been shown to be an important part of 
the successful and efficient generation of a motor act and a more complete 
understanding of underlying commonalities in movement execution, imagery and 
observation can be gained by extending research into the preparatory period. 
Specifically, this thesis contributes to this research area by studying the effects on 
preparatory processing of providing advance information about an upcoming 
movement in a movement execution, imagery and observation context.
Chapter One introduces the idea of motor preparation, reviewing evidence 
demonstrating the existence of preparatory activity prior to the production of a motor 
response. It also reviews the effects of advance information on motor preparation, an 
idea central to this thesis, and discusses why it is important to study this in the 
context of movement imagery and observation. This includes a discussion of the 
clinical relevance of this field of research. Finally, Chapter One provides the specific 
research aims of the experiments in this thesis and provides a brief overview of the 
electroencephalographic (EEG) techniques used.
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1.2. Motor preparation: Evidence
The idea that preparatory activity occurs in the brain prior to production of a 
movement is based on the pioneering research of Deecke et al. (1969) using event- 
related potentials (ERPs), an electrophysiological measure of task-related brain 
activity. They first described the Bereitschaftspotential (or readiness potential, RP), a 
rising cortical negativity beginning about Is prior to execution of a voluntary self- 
paced movement. The onset of this activity is measured relative to the 
electromyographic (EMG) onset that indicates movement of the appropriate muscle 
for the response. In other words, a full second before the movement actually begins 
brain activity relating to this response is already starting. This was interpreted as 
reflecting preparatory activity distinct from that associated with the actual execution 
of the response (i.e. activity driving the specific muscle movements required). Since 
this discovery, a wealth of research has examined many aspects of this preparatory 
activity. One fruitful line of investigation that has particular relevance to this thesis is 
the provision of advance information about an upcoming movement.
1.2.1. Advance movement information
Part of the successful execution of a specified movement involves the selection of 
particular aspects of the movement from the array of possible alternatives. For 
example, when picking up an object, one selects which hand to use and the direction 
and extent to move the hand to reach the target. An effective way of investigating 
these processes experimentally is to provide information about an upcoming 
movement in advance and study how this information affects the eventual response. 
This technique is implemented effectively in the response-priming paradigm of 
Rosenbaum & Kornblum (1982). In this paradigm, a prime (SI) provides information 
about the required response and after a delay (the foreperiod) a response cue (S2) 
instructs execution of the response (Figure 1-1).
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Figure 1-1. Structure of the Rosenbaum response-priming paradigm. SI and S2 represent 
experimental stimuli acting as the prime and response cue respectively. Response reaction time (RT) 
is measured from the presentation of S2.
Execution of the required response in this paradigm does not occur until presentation 
of the S2 stimulus therefore the foreperiod is considered to be the preparatory phase. 
The important findings in studies using this paradigm relate to the manipulation of 
the information provided by SI (prime). A simple example of this can be taken from 
the Rosenbaum & Kornblum (1982) paper itself. In their first study, they investigated 
four different responses -  simple button presses with the left index, left middle, right 
index or right middle finger - which were cued by auditory S2 stimuli. Each possible 
pair of responses was studied in turn in blocks. One response (e.g. left-index finger) 
was represented by a high-pitched tone and the other (e.g. right-index finger) 
represented by a low-pitched tone. The important manipulation was that in 75% of 
the trials SI correctly primed participants of the upcoming response (i.e. SI and S2 
were identical) whereas in 25% of the trials SI was an incorrect prime (the opposite 
tone). This provided a mechanism for studying the effects of providing invalid 
advance information about the movement (Figure 1-2).
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Figure 1-2. Example of providing invalid advance information in the response-priming paradigm 
(adapted from Rosenbaum & Komblum, 1982).
The findings from this study were that providing invalid advance information about 
the movement significantly increased reaction times to the S2 stimulus (by ~100ms). 
Rosenbaum & Komblum (1982) argued that providing valid advance information 
allows for a specific response to be selected and prepared in advance during the 
foreperiod which is then quickly executed following S2 presentation. Conversely, if 
SI provides invalid information then at S2 presentation a different response from the 
prepared one must be executed leading to a cost in reaction time.
Subsequent studies provided further manipulations of advance information where 
specific response parameters1 of the movement were provided by SI. For example, in 
Experiment 1 of Miller (1982) there were four possible button-press responses: left- 
index, left-middle, right-index or right-middle finger. When advance information 
was provided about response hand only (i.e. finger was not specified) RT was 
reduced equally for both fingers on the primed hand. However, when advance
1 Response parameters in this context indicate a description of a single dimension of a particular 
response. For example, in the case of movements with the left-index, left-middle, right-index or right- 
middle fingers, one parameter would be response hand and the other response finger.
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information specified the response finger only (i.e. hand was not specified) no RT 
reduction was observed compared with a condition where no information was 
provided. This shows that the benefit of providing partial advance information 
depends on the specific movement parameter that is primed and not just on the 
provision of information per se. Miller (1982) interpreted this as demonstrating that 
“...response preparation really is a stage separate from the perceptual and decision 
processes.” (p. 293), supporting the argument of Rosenbaum & Kornblum (1982) 
that motor-related preparatory mechanisms are the basis of the performance 
enhancement. Linking the benefits in response performance to motor-related 
processing in this way is known as the ‘motoric’ explanation.
1.2.2. Motoric versus non-motoric effects
The motoric explanation of enhanced performance with provision of advance 
information did not go unchallenged, however. When studying reaction time effects, 
it is important to remember that the RT period presumably encapsulates a number of 
underlying processes, both motoric and non-motoric, with the duration of each 
contributing to the total response time. A reduction in duration of either, or both, of 
these types of processes will yield an RT performance benefit.
In Figure 1-3, the concept of the motoric/non-motoric debate is illustrated. Four 
different processes are shown that are divided into non-motoric and motoric types:
• Stimulus processing - refers to the time taken to process the perceptual 
(typically visual or auditory) elements of the stimulus. (non-motoric)
• Stimulus-response (S-R) translation -  refers to the mapping of an arbitrary 
stimulus to the required response as per the experimental instructions (often 
trained before the experiment in a practice session). (non-motoric)
• Response selection/preparation -  refers to early motor-related activity prior to 
actual muscle movement, (motoric)
• Response execution -  refers to activity related specifically to producing the 
response (such as individual muscle commands, etc), (motoric)
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Figure 1-3. Model of non-motoric and motoric processing occurring following S2 (response cue). 
Both these types of processes contribute to the overall reaction time and it is shown how an equivalent 
reduction in RT could be equally well explained by either a reduced duration of non-motoric (A) or 
motoric (B) processing.
Rosenbaum & Kornblum (1982) and Miller (1982) hypothesised that a reduction in 
motoric processing time occurs when a movement is correctly primed due to a degree 
of motor preparation being transferred to the foreperiod before S2 is presented. This 
hypothesis (the motoric explanation) is represented by scenario B in Figure 1-3.
In contrast to the motoric explanation, authors such as Reeve & Proctor (1984) and 
Cauraugh & Horrell (1989) provided a non-motoric explanation for the same effect, 
arguing that provision of advance information in fact reduced the duration of non- 
motoric processes following S2. The non-motoric explanation hypothesises that 
when partial advance information is provided (e.g. about response hand), this 
automatically reduces the number of possible upcoming responses to choose from. 
This will have the effect of speeding up S-R translation time (as the mapping will be 
restricted to a smaller number of alternatives). This hypothesis is represented by 
scenario A in Figure 1-3. Cauraugh & Horrell (1989) based this non-motoric 
explanation on their findings in a similar experimental design to that of Miller 
(1982). Again there were four different responses, two fingers on the left and two on 
the right-hand. However, they introduced a condition where participants’ response
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fingers were overlapped such that the two left-most fingers spatially corresponded to 
one left-hand and one right-hand finger. They hypothesised that if the locus of the 
reduced RT for fingers on the same hand was motoric then realigning the fingers 
spatially should not alter this effect. However, their results showed this not to be the 
case with enhanced RTs for the outer-most fingers in both normal and overlapped 
condition. In one condition the outer-most fingers were on the same hand and in the 
other on different hands. This led them to argue that RT effects in this paradigm were 
due to effects of stimulus-response translation and not motor-related preparation.
1.2.3. Eleclrophysiological evidence
The motoric versus non-motoric debate highlights one of the limitations of 
behavioural studies when investigating the brain activity underlying motor control. A 
single measure of reaction time, representing the time from imperative stimulus 
presentation to response completion, encapsulates the contribution of a myriad of 
underlying processes, both motoric and non-motoric. It is therefore difficult to partial 
out, using behavioural measures, the individual contribution of specific processes to 
the overall RT measure. Critically, using the S1-S2 paradigm to study motor 
preparation during the foreperiod, when there is no overt behaviour to measure, a 
behavioural study alone is not sufficient to examine preparatory activity in this 
phase.
To investigate preparatory mechanisms in the response-priming paradigm, studies 
have exploited the high temporal resolution of electrophysiological recordings. 
Event-related brain potentials (ERPs) provide an excellent method for examining the 
millisecond-long processes that occur before the overt movement takes place. The 
use of the response-priming paradigm highlights the distinction between responses 
that are internally triggered (termed voluntary or self-paced responses) and externally 
triggered (by experimental stimuli). The readiness potential (RP) as described by 
Deecke et al. (1969) (see 1.2 Motor preparation: Evidence) refers to the rising 
cortical negativity observed prior to execution of an internally triggered response 
where initiation of the movement is self-paced by the participant. In a similar
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fashion, a steady-rising negativity is observed prior to responses triggered by 
external* stimuli. This potential has been termed the contingent negative variation 
(CNV) by Walter et al. (1964) and is generally associated with anticipation of the 
impending response. In an S1-S2 paradigm, the CNV typically has two components, 
an early negativity peaking approximately Is after the prime and a late negativity 
increasing up to the time of the response cue. The late CNV was originally thought to 
be identical to the readiness potential observed prior to self-paced movements but it 
has since been argued that other non-motoric processes such as general expectancy 
contribute to the activity at this late stage, van Boxtel & Brunia (1994) describe a 
stimulus-preceding negativity (SPN) that occurs prior to presentation of a predictably 
timed stimulus, regardless of whether this stimulus cues a motor response. They 
surmised that in paradigms involving cued movements the late part of the CNV 
incorporated both this SPN and the RP associated with motor processing.
1.2.4. Contingent negative variation and advance movement information
One of the ways in which the CNV potential has been used is to investigate 
foreperiod effects of providing advance information at the SI stage. Earlier 
behavioural studies could only make inferences about preparatory processing from 
differences in reaction time as a result of varying the advanced information provided 
by SI. Applying EEG methodology allows the study of neural processes in the 
foreperiod itself and their modulation through manipulations of SI content. 
Rosenbaum & Komblum (1982) and Miller (1982) hypothesised that advance 
information provided by SI facilitates motor preparation during the foreperiod. 
Based on this hypothesis it is reasonable to assume late CNV amplitude will be 
modulated by manipulation of SI information as the late CNV, at least in part, 
reflects motor-related preparation in the response-priming paradigm.
Since the initial behavioural work, many studies have shown that CNV amplitude in 
the S1-S2 paradigm is modulated by information provided in advance of the 
upcoming movement (Cui et al., 2000a; Deiber et al., 2005; Jentzsch & Leuthold, 
2002; Jentzsch et al., 2004; Leuthold & Jentzsch, 2001; Ulrich et al., 1998; van der
8
Lubbe et al., 2004 ; W ild -W a ll et al., 2003). A  particularly comprehensive study o f  
C N V  effects w ith in  the response-priming paradigm was conducted by U lr ic h  et al. 
( 1998). Participants were required to perform  simple index finger movements w h ils t 
three response parameters were varied: hand (le ft or right), force (weak or strong) 
and direction (flexion or extension). S I  either provided advance inform ation about 
response hand, hand and direction, hand and force or fu ll  in form ation (hand, 
direction and force). Th e ir  resu lts revealed the typical pattern o f  reaction time data 
w ith  shorter R T s  associated w ith  the p rovision o f  more advance infonnation. 
Im portantly, the effects on C N V  amplitude m irrored these behavioural resu lts w ith  
the largest negativity observed when fu ll  in form ation was provided by S I  and the 
sm allest when only response hand was primed (Figure 1-4), T h is  C N V  modulation 
was observed over centroparietal electrode sites C z and P z  and not at a frontal site F z  
(see Appendix A  fo r electrode locations), resembling the d istribution  o f activity  
associated w ith  the readiness potential (Cui et al., 1999). Th e  find ing that more 
in form ation about the upcoming response correlates w ith  a larger C N V  amplitude 
and a reduced R T  lends support to the idea that motor preparation during the 
foreperiod is  being affected by the p rovision o f  advance inform ation and that th is  
contributes towards the enhanced performance in  these conditions.
Foreperiod C N V  is  not only modulated by the amount o f  in form ation provided at the 
S I  stage. A  study by C ui et al. (2000a) required participants to perform  either simple  
(ju st the index finger) or complex (m ultip le fingers) bimanual thumb-finger 
oppositions in  the S 1-S 2 paradigm. S I  was a tone that warned o f  an upcoming simple  
or complex movement ( 100%  predictive) o r a rest tria l (no movement). In  th is way, 
unlike the study o f U lr ic h  et al. ( 1998), S I  always provides fu ll  in form ation about the 
upcoming response, i t  is  the response its e lf  w hich is  d ifferent. Cui et al. (2000a) 
found that an increased foreperiod C N V  negativity was evident in  both simple and 
complex conditions compared w ith  the rest condition and additionally that the C N V  
amplitude in  the complex condition was fu rthe r increased compared w ith  the simple  
condition. Interestingly, th is  effect was only evident in  the late part o f  the C N V , w ith  
sim ila r early C N V  amplitudes in  the simple and complex conditions. Th e  authors 
concurred w ith  previous interpretations that the late part o f  the C N V  incorporates, 
but is  not identical to, the m otor readiness potential and is  hence modulated by
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Figure 1-4. Figures reproduced from the study o f Ulrich et al. (1998). (A) Reaction time and 
percentage correct responses for weak and strong extension (EX ) and flexion (F L )  movements. (B) 
Event-related brain potentials at Fz, Cz and Pz for each prime condition. S I  and S2 indicates prime 
and response stimulus respectively. Prime conditions are full-information (FDH), force-hand (FH), 
direction-hand (DR) and hand-only (HP). The correlation between R T  and CNV amplitude is evident 
with smallest reaction times and largest negative CNV amplitudes in the full-information (FD H) 
condition. EEG  potentials are shown with negative amplitudes downwards.
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advance inform ation relating to movement complexity in  a s im ila r manner to the R P  
preceding voluntary movements (Cui et al., 2000b).
In  addition to find ings that foreperiod C N V  is  sensitive to the amount and type o f  
in form ation provided by the prime, van der Lubbe et al. (2004) report modulations in  
C N V  amplitude that are dependent 011 foreperiod duration. Th e y  noted that in  S 1-S2 
paradigms invo lv ing  varying foreperiod intervals a specific reaction time effect has 
been observed -  that response time decreases as foreperiod duration increases. 
Additionally, i t  is  reported that responses are slowed when a short foreperiod fo llo w s  
a longer one but R T s  are unaffected when a long foreperiod is  preceded by a shorter 
one. van der Lubbe et al. (2004) tested whether these R T  effects reflect a change in  
m otor activity during the foreperiod by examining associated changes in  C N V  
amplitude in  th is  task. Th e y  found that C N V  amplitude was modulated in  a s im ila r 
fashion to response tim es, w ith  a decreased negativity in  tria ls  where the previous 
foreperiod was longer than the current one. Th e y  attribute the slow ing o f response 
tim e when a short foreperiod fo llo w s a longer one to a decreased activation in  m otor 
areas due to the unexpected ‘early’ presentation o f  the S 2 stim ulus. A lthough th is  
study did not explic itly  provide advance movement in form ation about the upcoming 
movements i t  illustra tes another example o f  R T  effects correlated w ith  differentia l 
m otor preparation during the foreperiod.
Th e  find ings on modulatory factors affecting C N V  amplitude provide good support 
fo r the notion that specification o f  movement parameters in  advance allows 
participants to perform  m otor preparation in  the foreperiod that consequently reduces 
response reaction time. Th e  study o f U lr ic h  et al. ( 1998) in  particular b u ilt up a 
coherent picture w ith  C N V  amplitude directly correlated w ith  the number o f  
movement parameters specified in  advance (Figure  1-4). I t  is  w o rth  noting, however, 
that a simple association between the amount o f  in form ation provided by S I  and 
corresponding C N V  amplitude cannot always be assumed. Jentzsch et al. (2004) 
studied the effects o f  ambiguous in form ation provided by S I  in  a task invo lving  
simple flexions or extensions o f  the le ft or rig h t index fingers. S I  either provided 
in form ation about hand (le ft or right), direction (flexion or extension), ambiguous 
in form ation (e.g. le ft-flex ion  or right-extension) or no inform ation at all (any o f  the
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fo u r responses are equally like ly). Th e y  predicted that, compared w ith  provid ing no 
in form ation (termed an uninform ative prim e), providing hand or direction 
in form ation would decrease R T  and increase C N V  amplitude due to preparation 
based on th is  movement parameter during the foreperiod. However, they predicted 
that ambiguous inform ation would not yield an equal performance benefit as th is  
in form ation merely reduces the number o f  response alternatives, but does not provide 
definite knowledge o f either movement parameter in  advance. Contrary to th is  
prediction, they found that both reaction tim es and foreperiod C N V  in  the ambiguous 
condition did not significantly d iffe r from  either the hand or direction parameter 
conditions. In  the context o f  the motoric versus non-motoric debate th is  data is  
consistent w ith  a non-motoric explanation. Each o f the three conditions (hand, 
direction and ambiguous) reduce the number o f  response possib ilities by the same 
amount (two). Th e  non-motoric explanation would predict that stimulus-response  
translation time (see 1.2.2 M otoric versus non-motoric effects) would therefore be 
reduced by the same amount in  all three conditions, yielding sim ila r reaction times. 
Th e  performance benefit, according to a non-motoric explanation, is  therefore linked  
to stim ulus processing tim e and not an increased level o f m otor preparation. Jentzsch 
et al. (2004) concede that the ir data does at f i r s t  appear to support a non-motoric 
explanation, however they suggest another explanation, consistent w ith  a motoric  
locus o f  effect, based on the idea o f  m ultip le  response preparation. Th e y  argue that, 
rather than ambiguous in form ation preventing preparatory activity, both alternative 
responses (e.g. le ft-flex ion  / right-extension) can be prepared in  parallel, perhaps 
talcing advantage o f separate preparatory mechanisms in  each hemisphere. 
Interestingly, the idea o f simultaneous preparation o f one finger on either hand had 
been previously suggested by Rosenbaum &  Ko rnb lum  ( 1982) based on the ir 
behavioural data (see 1.3.1 M otor program m ing ). Th e  argument fo r a motoric  
explanation o f the find ings o f  Jentzsch et al. (2004) resulted from  the ir analysis o f  
lateralised E E G  potentials as described in  the fo llo w ing  section.
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1.2.5. Lateralised readiness potential (LRP)
Th e  resu lts from  the study o f  Jentzsch et al. (2004) indicate the importance o f being 
able to d istinguish between activity captured by the C N V  that is  specifically related 
to m otor processing and that o f  general activity associated w ith  the task paradigm, 
such as stimulus-response translation. Jentzsch et al. (2004) based the ir inteipretation  
o f a motoric locus o f  foreperiod effects on the ir analysis o f  the lateralised readiness 
potential ( L R P ) .  Th e  L R P  is  a popular method fo r isolating the portion o f the E R P  
signal that represents specific movement preparation. Th e  calculation o f th is  
potential takes advantage o f  the contralateral organisation o f  the m otor cortices, 
revealing tim es at which activity is  greater in  the contralateral than the ipsilateral 
hemisphere (Figure  1-5).
S1 S2
 LH RH
S1
RH
contra- ipsi­
lateral lateral
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contra- Ipsi­
lateral lateral
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Figure 1-5. The lateralised readiness potential (LR P ) calculated from two lateral electrode sites. Data 
is taken from Study 1 o f this thesis. (A) E R P  traces in the S1-S2 interval (foreperiod) for primes for a 
left (LH ) and right (RH) hand response. Lateral electrode sites C3 and C4 show larger negative 
amplitudes in the hemisphere contralateral to the responding hand. (B) Electrode sites C3 (left- 
hemisphere) and C4 (right-hemisphere) are indicated on a top-view o f the head. The L R P  is calculated 
by subtracting ipsilateral from contralateral activity for each response hand and averaging the data. 
Th is yields a potential representing lateralised differences in E R P  data from the two response hands. 
EEG  graphs show negative amplitudes upwards -  a convention adopted throughout this thesis.
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F irs t ly ,  in  tria ls where either a le ft or rig h t hand response is  indicated, ipsilateral 
activity is  subtracted fro m  contralateral activity. Secondly, these difference waves 
are averaged across tria ls  to remove asymmetries not associated to hand preparation 
(cf. Coles, 1989). Th e  resulting L R P  waveform is  thought to reflect hand-specific 
m otor preparatory activity localised to the contralateral hemisphere.
In  tasks invo lv ing  a m otor response, the L R P  provides two advantages over analysis 
o f  the C N V  alone. F ir s t ly ,  the L R P  is  a difference potential meaning that any activity  
that is  not more strongly present in  the contralateral hemisphere w il l  be factored out. 
M uch o f  the sensory and cognitive activity evoked in  the S 1-S 2 paradigm is  not 
•lateralised in  th is  manner and so the L R P  provides a cleaner signal representing 
activity related to m otor preparation only (Luck, 2004). Secondly, as the L R P  reflects 
processing that is  specific to response hand the onset o f  the L R P  has been used as an 
indicator o f  the beginning o f  motor-related activity (Osman et al., 2003). Assum ing  
that non-motoric processes such as stimulus-response translation occur before 
response selection and execution (as shown in  Figure  1-3), the onset o f  the L R P  can 
be used to determine whether performance benefits due to experimental 
manipulations such as advance movement in form ation have a motoric or non- 
motoric locus. Th e  logic o f  th is  analysis is  shown in  Figure  1-6 . Tw o  types o f  E R P  
analysis are performed, stimulus-locked (potentials averaged w ith  respect to S 2 
onset) and response-locked (potentials averaged w ith  respect to tim e o f response). 
Th e  L R P  onset is  calculated in  both cases and two separate duration measures are 
calculated: time from  response cue u n til L R P  onset ( S - L R P )  and time from  L R P  
onset u n til the response is  made ( L R P - R ) 2.
2 Note that the S -LR P  interval is calculated from the onset o f the response cue (S2) not the prime 
stimulus (S I). Therefore for the logic in Figure 1-6 to be applicable S I  cannot provide information 
about response hand or L R P  onset w ill begin prior to S2 presentation (as shown in Figure 1-5).
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Figure 1-6. Logic o f using L R P  onset to determine a motoric or non-motoric locus o f reaction time 
effects. The analysis is split into two parts: S -LR P  (time from S2 stimulus to L R P  onset) and L R P -R  
(time from L R P  onset to response).
W hen advance inform ation such as movement direction (Jentzsch et al., 2004 ; U lr ic h  
et al., 1998) is  provided by S I  the locus o f  the resulting R T  benefit can now be 
determined. I f  a reduction in  the S - L R P  interval accounts fo r the overall decrease in  
R T  then it  can be inferred that affected processes occur before motor-related activity  
has begun (i.e. a non-motoric locus). Conversely, i f  the L R P - R  interval is  shortened 
then the assumption is  that the locus o f  the effect is  motoric.
Jentzsch et al. (2004) used th is logic in  the study described earlier to show that when 
ambiguous inform ation was provided it  was the L R P - R  portion o f the R T  that was 
shortened leading them to favour a motoric explanation fo r the observed performance 
benefits. T h is  m irro rs  the find ings o f  Osman et al. ( 1995) who found an effect on the 
L R P - R  interval o f  provid ing ambiguous advance inform ation. In  th is  case, unlike  
Jentzsch et al. (2004) however, they reported a reduction in  the premotoric 
processing time as w ell. Other studies have found sim ila r L R P - R  effects fo llow ing  
provision o f  advance inform ation about parameters such as direction (M ulle r- 
Gethmami et al., 2000) and finger (Possamai et al., 2002) leading to the conclusion 
that in form ation about these parameters is  capable o f affecting specifically motor- 
related processing.
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In  response-priming studies the L R P  is  a useful complement to C N V  analysis as it  
reflects m otor preparation that is  specific to one hand and can therefore reveal how  
advance inform ation about movement parameters affects hand-specific preparation. 
W hen S I  primes a movement parameter such as direction or force and C N V  
amplitude is  subsequently increased, i t  is  inferred that m otor activity in  the 
foreperiod related to the specification o f  th is  parameter contributes to the increased 
negativity. U lr ic h  et al. ( 1998) used the dissociation between C N V  and L R P  
potentials to test whether the effects o f  partial advance inform ation occur at what 
they term  a central (indexed by C N V ) or a peripheral (indexed by L R P )  level. T h is  
study is described earlier (see 1.2.4 Contingent negative variation and advance 
movement information) and to recap, participants were required to perform  simple  
finger movements w ith  response parameters o f  hand (le ft o r right), force (weak or 
strong) and direction (flex ion  or extension). S I  either provided advance inform ation  
about response hand, hand and direction, hand and force or fu ll  in form ation (hand, 
direction and force). W h ils t  C N V  amplitude increased as more inform ation was 
provided by the prime (in  correlation w ith  a reduction in  R T ) ,  effects on L R P  
amplitude demonstrated a d ifferent pattern. L R P  amplitude remained the same fo r all 
primes except fo r a marked increase when fu ll  inform ation was provided. Th e  
authors draw two conclusions from  th is  find ing. Th e  f ir s t  is  that the L R P  does not 
merely reflect selection o f response side alone (what they call the “ ...abstract 
preparation hypothesis” , p. 726), otherwise L R P  amplitude fo llo w ing  specification o f  
fu ll  inform ation should match that o f  specifying hand-only. Therefore it  can be 
inferred that advance inform ation is  capable o f affecting peripheral (hand-specific) 
preparation. Secondly, the way in  w hich advance inform ation affects hand-specific 
preparation is  d iffe rent from  that o f  central m otor preparation. W h ils t  providing more 
advance inform ation has an incremental effect on C N V  amplitude, only fu ll 
specification o f  the upcoming movement led to an increase in  L R P  activity. Th e  
authors theorise that " . . .  although advance inform ation about response force and 
movement direction have additive effects (because they can be specified in  parallel) 
on central programming mechanisms, th is  advance inform ation may only be o f use 
fo r the preparation o f  more peripheral processes after the central programming 
mechanism has integrated both effects into a single code.” (p. 727). Th e  terminology  
used in  th is  and other sim ila r studies o f  m otor preparation demonstrate how th is
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research draws heavily on an underlying theory o f  m otor control: the m otor program. 
Th e  next section o f th is  chapter w il l  review  th is  theory.
1.3. Motor preparation: Theoiy
1.3.1. M otor program m ing
A  concept that has been pervasive in  m otor control theory is  that o f  the motor 
program. Keele ( 1968) defined a m otor program as... “ a set o f  muscle commands 
that are structured before a movement sequence begins, and that allows the entire 
sequence to be carried out uninfluenced by peripheral feedback.” (p. 387), Th e  idea 
o f pre-programmed m otor commands came about in  response to ‘closed-loop’ 
theories such as that o f  Adams (1971). Closed-loop theories emphasise the role o f  
sensory feedback inform ation in  correctly perform ing a movement such that a 
movement is  not pre-specified but merely initiated, after which sensory feedback 
loops allow  correct completion o f  the intended motion. Th e  theory o f m otor 
programming does not entirely d ism iss the role o f  feedback in  m otor performance 
but arose as a means o f accounting fo r problems w ith  closed-loop theories. One such 
problem is  that o f  so-called ballistic  movements. I t  has been argued that some 
movements are so quick that they cannot be under the influence o f feedback 
processes. However, the evidence fo r th is  is  controversial as i t  is  d iffic u lt to judge 
the speed at which kinaesthetic feedback is  available. M ore problematic fo r closed- 
loop theories are the resu lts o f  deafferentation studies in  non-human primates where 
the peripheral nerve input to the spinal cord is  severed, removing any sensory 
feedback from  the lim b (fo r a review  see Sheridan, 1984). V isu a l feedback is  also 
removed via a b lindfold  and even so the animal is  able to make specific movements 
w ith  reasonable accuracy (although some fine  control is  lost). A lthough th is w ork has 
been d iffic u lt to reproduce in  humans, due to controversy over whether iion-surgical 
deafferentation really removes all sensory input, the homologies between primate 
and human m otor systems make it  like ly  that movements can be specified w ithout 
reliance on feedback.
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Th e  hypothesis that central assembly o f a m otor program occurs p rio r to movement 
execution has an important impact on the study o f  m otor preparation. B y  studying  
the preparatory phase, when it  is  thought m otor program assembly takes place, the 
organisation o f m otor programming in  the brain can be inferred. However, 
postulating that every movement that i t  is  possible to make has an associated motor 
program is  not a feasible theory. Due to the almost in fin ite  number o f  potential 
movements available to humans in  terms o f  a combination o f  parameters such as 
force, direction, extent, speed, lim b, etc, i t  is  inconceivable that each individual 
movement has a unique m otor program associated w ith  it.
In  a seminal article, Schm idt ( 1975) outlined the ‘schema5 theory o f  m otor learning 
as a so lution to th is  problem and th is  w ork  has been hugely in fluentia l in  motor 
research, achieving ‘citation classic5 status in  1994, T h is  theory hypothesises two  
independent steps in  the programming o f  an individual movement. Th e  f ir s t  step is  a 
generalised m otor program (G M P) that specifies movement parameters that can be 
shared across many individual movements such as relative tim ing  o f sub-movements, 
relative force, etc. A n  example is  tying a shoelace, where components o f  the overall 
movement (such as at what point to make a bow) can be described relative to each 
other. Th e  second step is  the specification o f movement parameters in  one particular 
case. Th e  parameters that are specified at th is stage are dependent on the task, fo r  
example one m ight tie shoelaces on a sm all ch ild 's shoe, or a huge army boot. In  
either case the G M P fo r tying shoelaces is  invoked and is  subsequently scaled 
according to the absolute size o f  movement required. Th e  relative tim ing and force, 
etc o f sub-movements is  preserved in  th is  scaling procedure. In  th is  way, the 
distinction between the G M P  and individual parameter specification can be 
considered to be one o f  abstract (tie shoelace) versus specific (tie shoelace on boot) 
specification (Figure  1-7 , A).
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Figure 1-7. Model o f the theory o f the generalised motor program (GMP). (A) An example o f a 
complex, everyday movement (tying a shoelace), where a general program for shoelace tying is 
invoked (abstract programming) followed by muscle specific commands dependent on the particular 
task (specific programming). (B) An example o f the same idea but for a simple left or right finger 
movement. An abstract program (a finger flexion) can be implemented for either the left or right hand 
specifically.
Schema theoiy has become popular and well-studied fo r a number o f  reasons. F irs t ly ,  
i t  avoids the problem o f  requiring a unique m otor program associated w ith  every 
individual movement by separating abstract and specific aspects o f  particular 
movements. Secondly, the model conforms nicely w ith  neurophysiological w ork (see 
1.4 M otor preparation: Neurophysiology) suggesting m otor areas in  the brain are 
hierarchically organised w ith  abstract processing in  high-level m otor areas and more 
muscle-specific activity in  the prim ary m otor cortex. Th ird ly , i t  makes predictions 
about how m otor learning transfers across d iffe rent types o f  movement, d ifferent 
effectors and to novel movements (fo r a review  see Shea &  W u lf,  2005).
Th e  idea that movements can be pre-specified in  the fo rm  o f abstract and specific 
m otor programming provides an excellent theoretical fram ework fo r research into  
m otor preparation such as the S 1-S2 response-priming paradigm studies reviewed 
earlier. In  F ig ure  1-7 (B ) , the application o f  th is model to the simple finger 
movements studied in  an experimental context is  shown. In  terms o f  the model, a
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fle x io n  o f  the le ft or right-index finger like those used by U lr ic h  et al. ( 1998) can be 
considered to be sp lit into two preparatory phases -  an abstract one that programs the 
combination and tim ing  o f movements required to execute a finger flex ion  and a 
specific one which specifies the particular muscle commands involved (on the le ft or 
rig h t hand)3. Each o f  these phases w il l  take a certain amount o f  time to complete and 
in  the case where the required movement is  not known in  advance, both phases o f  
programming m ust occur fo llo w ing  S 2 presentation. However, i f  partial inform ation  
( in  th is  case the fact that a finger flexion w il l  be required) is  given by S I  then 
abstract m otor programming o f th is  parameter is  possible during the foreperiod, 
leaving ju s t the specific le ft o r right-hand programming to be carried out once S 2 
cues the actual movement. T h is  model accounts fo r the behavioural find ings in  
response-priming studies ( R T  is  reduced as more inform ation is  provided due to the 
sh ifting  o f preparation to the foreperiod) and also provides a good explanation fo r  
effects on C N V  amplitude. Central (or abstract) m otor preparatory mechanisms 
occurring when partial advance inform ation is  given w ill  be reflected by an enhanced 
late foreperiod C N V  as discussed earlier (.see 1.2.4 Contingent negative variation 
and advance movement information).
Th e  model described in  Figure  1-7 is  deliberately sim p lified  and one o f  the issues it  
does not address is  that o f  parallel program specification, i.e. is  i t  possible to have 
more than one program specified simultaneously in  the m otor system? In  the study o f  
Rosenbaum &  K o rnb lum  ( 1982) previously described (see 1.2.1 Advance movement 
information) participants were tested on making button-press responses w ith  the ir 
le ft or rig h t index, middle or ring  fingers. S I  primed one response and I s  later S 2 
cued execution o f either the primed response (same) or a d iffe rent response (either a 
diffe rent finger, a d iffe rent hand, o r a d iffe rent finger and hand). A  counter-intuitive  
find ing  in  th is study was that responses requiring a change o f  finger and hand at the 
same time were executed faster than responses that required ju s t  a change o f finger. 
A t f irs t ,  th is  find ing does not appeal* to conform to the theory o f  a pre-specified
3 The model in Figure 1-7 is a simplified one intended to convey the notion o f abstract and specific 
programming and should not be interpreted as implying that motor preparation in the brain is so neatly 
divided into distinct stages.
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m otor program, as i t  would be reasonable to assume that reprogramming both 
movement finger and hand should take longer than finger alone. However, 
Rosenbaum &  Ko rnb lum  ( 1982) explain th is  result in  terms o f  multiple-response  
preparation. Pa irs o f  movements were run  in  blocks and when the two possible 
responses were on d iffe rent hands (e.g. le ft index finger versus rig h t middle finger) 
participants were able to hold both movements (or m otor programs) in  readiness and 
then execute the appropriate one fo llo w ing  S 2 . However, when the two movements 
were on the same hand (e.g. le ft index finger versus le ft middle finger) both 
responses could not be pre-programmed simultaneously. Th e  authors explained th is  
in  terms o f  interference preventing parallel m otor program specification when both 
movements were to be executed w ith  the same hand. Execution o f the non-primed 
response in  th is  case required re-programming resulting in  a longer R T .  Th e  authors 
speculate therefore that tw o d istinct m otor programs can be maintained 
independently and in  parallel provided responses are on different hands, an idea that 
was later re-visited by Jentzsch et al. (2004) (see L 2.4 Contingent negative variation 
and advance movement information).
Exam ining the idea o f  shared and simultaneously active m otor programs in  more 
detail, Jentzsch &  Leuthold  (2002) compared eye, foot and hand movements to draw 
conclusions about the locus o f  G M P  activation. Based on the neuroanatomical 
separation o f  oculomotor and lim b m otor systems, they predicted that a single G M P  
would be suffic ient fo r abstract programming o f foot and hand movements, but a 
separate one required fo r eye movements. T o  test th is  they used two S 1-S2 prim ing  
experiments, ( 1) horizontal le ft-o r rightward eye movements were compared to le ft 
or rig h t finger flexions, and (2) le ft o r rig h t finger flexions were compared to le ft or 
rig h t toe flexions. In  both experiments, S I  provided fu ll  in form ation about effector 
(eye, hand, foot) and side, partial in form ation about side or no inform ation. Re su lts  
from  experiment 2 showed that effector-specific preparation (indexed by lateralised 
potentials) occurred in  the foreperiod even when only partial in form ation was given 
(i.e. effector was not known in  advance). Th e y  explained th is  find ing in  terms o f  
parallel hand/foot-specific preparation that augments a shared G M P (abstract 
programming o f  a flex ion movement). In  contrast, experiment 1 showed that 
effector-specific (eye or hand) preparation did not occur when only partial
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in form ation was given. T h is  is  despite the fact that the typical find ing  o f an increased 
foreperiod C N V  amplitude w ith  provision o f inform ation about response side was 
observed. Th e y  attributed the lack o f  effector-specific preparation in  th is  case to the 
fact that the two effector-systems could not share an underlying G M P (due to the ir 
disparate neural substrates) and therefore effector-specific preparation could not 
occur w ithout complete specification o f the response.
Recently, Deiber et al. (2005) provided support fo r the idea o f abstract and parallel 
effector-specific programming in  a bimanual movement task in  the S 1-S2 paradigm 
invo lv ing  in-phase or anti-phase movements o f  either both index fingers, both little  
fingers o r a pairing o f index and little  fingers. S I  either provided fu ll  inform ation  
about the upcoming movement (in-phase index fingers were specified) or partial 
in form ation about finger (index fingers were specified), phase (in-phase was 
specified) or no inform ation. Th e y  found that partial inform ation about phase elicited 
a comparable C N V  amplitude to that o f  fu ll  inform ation whereas partial inform ation  
about finger did not. Th e ir  explanation fo r th is  m irrored that o f  Jentzsch &  Leuthold  
(2002) whereby they supposed that when the phase o f  movement was known  
common abstract programming fo r th is  parameter o f  movement could be 
accompanied by parallel effector-specific programming in  the case o f  both the index 
and little  fingers. In  contrast, when only the response finger was known in  advance, 
effector-specific programming could not proceed because the type o f  movement to 
perform  (in-phase versus anti-phase) had not yet been specified. In  the condition 
where finger and not phase was specified, they found C N V  amplitude did not 
significantly d iffe r fro m  the condition that provided no inform ation.
In  summary, the theory o f  a m otor program that can be pre-specified p rio r to 
movement execution, and the corresponding idea o f  abstract and specific 
programming to account fo r the specification o f  a vast array o f possible movements 
has provided a sound theoretical fram ework on which to base studies o f  motor 
preparatory activity. Th e  theory is  particularly attractive because i t  is  also consistent 
w ith  neuroanatomical studies o f  the m otor system that present a hierarchical v iew  o f  
m otor control in  the brain. A n  overview o f cortical areas implicated in  movement 
preparation and execution is  given in  the next section.
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1.4. Motor preparation: Neurophysiology
1.4.1. Organisation o f  the human motor system
Th e  m otor areas o f the brain have been roughly divided into fo u r regions, the 
prim ary m otor cortex ( M l) ,  premotor cortex (PM ), supplementary m otor area (S M A )  
and cingulate m otor areas (C M  A ). Th e  P M , S M A  and C M  A  together are considered 
secondary m otor areas. U s in g  the Brodm am i system o f d iv isio n  o f  the brain by its  
cytoarchitecture the prim ary and secondary m otor areas correspond to Brodmann  
areas (B A )  4 and 6 respectively. M l  is  located in  the precentral gyrus o f  the frontal 
lobe anterior to the central fissu re . Just anterior to M l  is  the S M A  which extends 
medially towards the longitudinal fissu re . P M  runs in  a strip  on the lateral surface 
from  the S M A  to the lateral fissu re . C M  A s are located in  the cingulate gyri ventral to 
the S M A . A lthough th is  general d iv is io n  is  w e ll accepted more recent evidence has 
suggested that fin e r subdivisions may be required, particularly from  a functional 
point o f  v iew  (fo r a review  see Roland &  Z ille s , 1996).
Th e  organisation o f the human m otor system is  thought to be hierarchical w ith  
specification o f broad action goals leading to increasingly specialised m otor 
processing (see Georgopoulos, 1991). Th e  sensorim otor association cortices 
(posterior parietal and dorsolateral prefrontal) are at the top o f  th is  hierarchy and 
receive input from  m ultip le  sensory systems to formulate how  the body w ill  take 
action toward an intended target. T h is  in form ation flo w s through secondary motor 
areas to fo rm  specific m otor sequences that subsequently feed into the prim ary m otor 
cortex. M l  contains the m ajority o f  corticospinal connections w hich instruct the 
muscles to actually execute the desired lim b movements (see Fig ure  1-8). A  stric t 
hierarchical system is  useful as an abstract model although the reality is  somewhat 
more complex. In fo rm ation flo w  through the hierarchy is  not passive, w ith  feedback 
pathways between each area in  the system, and there are circumstances where stages 
o f the hierarchy are bypassed. Georgopoulos ( 1991) makes th is  point by stressing  
that, although generally the idea o f higher m otor areas w ith  more versatile movement 
representations s t i l l  holds, M l  should not be pigeon-holed as sim p ly a
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Figure 1-8. Model o f the structure o f the motor system, emphasising cortical connectivity. The 
hierarchical organisation o f cortical areas is shown alongside other parallel projections that exist 
within the system. (Adapted from http://instruct.uwo.ca/anatomv/530/motocort.gif)
‘m uscle-controller’ . Cortico-cortical connections between all m otor and parietal 
areas are extensive and complex and many neurons in  M l  are selective fo r abstract 
m otor functionality ( fo r a fu ll  discussion see Georgopoulos, 1991).
1.4.2. Somatotopic layout
W ild e r Penfie ld (Penfie ld &  Boldrey, 1938) was instrumental in  form ulating the 
m otor homunculus, a model o f  how parts o f  the body are represented in  the prim ary  
m otor and somatosensory cortices. Th e  homunculus reflects the somatotopic 
organisation o f  M l  whereby parts o f  the body such as fingers, thumb, w ris t, toes, etc 
have corresponding areas o f  cortex devoted to the ir movement, arranged in  an 
ordered manner. M l  in  both hemispheres is  organised th is  way w ith  each side o f  the 
body being largely controlled by the contralateral hemisphere. I t  is  the case that there
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are also ipsilateral corticospinal pathways from  M l  but the function and specific 
involvement o f  these connections is  a matter o f  debate (Aramalci et a l,  2006 ; 
Ziem ann et al., 1999).
M ore recently i t  has been suggested that the idea o f  a stric t somatotopic mapping in  
sensorim otor areas should be revised, as often moving a single body part in  fact gives 
rise  to several fie lds o f  activation in  M l  (Roland &  Z ille s , 1996). However, the 
existence o f  gross somatotopic organisation in  the prim ary m otor cortex is  w ell- 
established. T o  some degree, secondary m otor areas like P M  and S M A  also adhere to 
a somatotopic layout, as evidenced fro m  primate (Raos et al., 2003), epicortical 
(Ikeda et al., 1992) and neuroimaging w ork  (Buccino et al., 2001).
1.4.3. Preparation versus execution
Consistent w ith  the idea that the m otor system is  hierarchically organised, there is  
much evidence fo r the d iv is io n  o f  m otor areas into ‘higher’ and ‘executive’ m otor 
areas. Prim ate single-cell recording (Alexander &  Crutcher, 1990; Crammond &  
Kalaska, 1996) and human neuroimaging (B a ll et al., 1999; Cunnington et al., 2003 ; 
Lee et al., 1999 ; Tom a et al., 2002), epicortical (Matsumoto et al., 2003b) and E E G  
studies (C ui et al., 1999; Leuthold  &  Jentzsch, 2002) demonstrate that secondary 
m otor areas (S M A , C M A , P M ) are more heavily involved in  m otor preparation 
compared w ith  M l  which becomes more active during actual movement execution.
Determ ining activation related to preparation rather than execution in  the studies 
above is  typically achieved using one o f  two experimental methodologies:
• Specifically separating the preparation and execution stages o f movement 
(norm ally w ith  task-related s tim u li)  -  e.g. (Lee et al., 1999; Leuthold  &  
Jentzsch, 2002 ; Matsumoto et al., 2003b).
• A llo w in g  a self-paced movement and then examining the time-course o f  the 
activity w ith  respect to electromyographic (EM G ) onset -  e.g. (B a ll et al,, 
1999; C ui et al., 1999; Cunnington et al., 2003 ; To m a  et al., 2002)
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In  addition, m otor preparation can be studied by manipulating parameters related to 
more abstract aspects o f  a movement (such as the complexity o f  a response 
sequence) and isolate brain areas that are sensitive to the manipulation. According to 
the hierarchical model these more abstract parameters are specified as part o f  the 
preparatory phase that occurs p rio r to actual movement execution. F o r  example, in  an 
f M R I  study by Haslinger et al. (2002) the length and complexity o f  a key-press 
sequence was varied, w h ils t keeping the individual finger movements constant. The y  
found greater activation in  the le ft dorsal premotor cortex (PM d) w ith  increased 
sequence length/complexity w h ils t M l  activation was unaffected. Praamstra et al. 
( 1996) compared preparatory activity p rio r to button-presses that were either fixed  
(the button to press was prescribed in  advance) or freely-chosen (participants 
selected which one o f fo u r buttons to press). The y  found selective modulation o f  
S M A  activity depending on whether the movements were fixed or freely-chosen 
whereas M l  activity was s im ila r fo r both types o f  movement. S im ila rly , T h u t et al. 
(2000) found that activation o f  the S M A  and P M  were d iffe rentia lly  affected by 
whether an identical movement was self-paced or externally-triggered. T h is  evidence 
argues fo r a greater involvement o f  secondary motor areas in  the planning and 
selection o f movements and M l  in  m otor execution.
Some studies have revealed find ings that argue against such a simple parcellation o f  
m otor activity, however. There  is  growing neurophysiological evidence that the role  
o f M l  in  m otor production cannot be confined sim ply to b lind execution o f pre­
determined movements. U s in g  transcranial magnetic stim ulation ( T M S )  G e rlo ff et al. 
( 1998) found that a complex movement sequence elicited greater activity in  M l  than 
a simple sequence suggesting M l  plays a role in  the organisation o f  such sequences. 
f M R I  studies (M ichelon et al., 2006 ; S im on et al., 2002 ; W iese et al., 2004) have also 
demonstrated the involvement o f  M l  in  early stages o f movement before execution 
takes place.
Additionally, the contribution o f  secondary m otor areas to preparatory processing has 
come under closer scrutiny recently, w ith  fin e r sub-divisions o f  established areas 
being proposed. I t  is  now commonly accepted that the S M A  can be roughly divided 
into two functionally separate regions, anterior (known as p re-SM A ) and posterior
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(SM A-proper). Lee et al. ( 1999) and B a ll et al. ( 1999) found that activity in  p re-SM A  
occurred in  the early stages o f  m otor preparation w h ils t SM A -proper became active 
during the execution phase. Such evidence has led to the interpretation that p re-SM A  
is  more involved in  early cognitive aspects o f  m otor production and may even be 
considered a pre-frontal rather than a m otor area (Picard &  Stric k , 2001). S im ila rly , 
fM R I  studies such as that o f  Matsumoto et al. (2003b) have found different pails o f  
P M  active at d iffe rent stages o f m otor preparation in  an S 1-S2 task. Ea rly  stim ulus- 
related activity occurred in  ventral parts o f  the premotor cortex (P M v ), followed by 
transient cognitive activity related to the movement in  rosta l dorsolateral parts 
(PM d r). La stly , caudal parts (PM dc) showed sustained activity p rio r to and during  
movement execution, probably related to specific hand preparation. These sub­
d iv isions are one explanation fo r mixed find ings in  the relative contribution o f M l  
and secondary m otor areas to preparation and execution. Particular task demands 
may lead to d ifferentia l activation o f sub-regions o f  prim ary and secondary motor 
cortex yielding conflicting interpretations as to the ir involvement at each stage o f  
movement production.
1.4.4. Preparatory activity in non-motor areas
Many studies o f  m otor control report task-related activity in  brain areas outside o f  
the prim ary and secondary m otor cortices. These include the basal ganglia (e.g. 
caudate nucleus, putamen), the cerebellum (e.g. dentate nucleus), thalamus, 
dorsolateral prefrontal cortex and posterior parietal areas (superior and in fe rio r). T h is  
has been shown in  humans in  P E T  (Deiber et al., 1996), M E G  (Nakata et al., 2005) 
and fM R I  w ork  (B a ll et al., 1999; Bunge et al., 2002 ; Haslinger et al., 2002 ; 
M ichelon et al., 2006 ; Schluter et al., 2001 ; Schumacher &  D 'Esp o sito , 2002 ; Sim on  
et al., 2002 ; W iese et al., 2004).
Th e  role o f sub-cortical structures (basal ganglia, cerebellum) in  the control o f  
movement has long been established, w ith  lesions o f  these areas resulting in  known  
m otor deficits in  human and animal subjects. Jueptner &  W e ille r ( 1998) h ighlight the 
role o f  these areas in  m otor learning, w ith  the basal ganglia being more involved in
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the selection o f  appropriate movements/muscles and the cerebellum, via its  large 
sensory input, involved in  online m onitoring o f  e ffic ient performance. Jueptner &  
W e ille r ( 1998) found that, w h ils t perform ing an over-learned repetitive movement, 
participants showed significant activation in  cortical areas only. However, when 
attention was focused on performance o f the same movements, the basal ganglia- 
thalamo-cortical network and cerebellar regions showed activation. T h is  modulation 
may explain mixed find ings o f sub-cortical activation in  experiments involving  
m otor tasks. F o r  example, based 011 the evidence above, i t  would be reasonable to 
assume that an over-learned movement like a simple key-press would not re ly as 
heavily on sub-cortical involvement as a novel movement sequence (Haslinger et al., 
2002). A lthough sub-cortical areas have often been studied in  term s o f movement 
execution there is  also evidence that they participate in  the preparatory stages o f self- 
paced and cued movement (Cui et ah, 2000c; Rektor, 2003 ; Thoenissen et ah, 2002).
Parietal and prefrontal areas are often active in  tandem in  studies where response 
selection is  studied (Bunge et al., 2002 ; Schluter et al., 2001 ; Schumacher &  
D 'Esp o sito , 2002). T h is  has made it  d iffic u lt to d istinguish the roles played by these 
two cortical areas in  the preparatory stage o f  movement. O rig ina lly , i t  was thought 
that the well-established role o f  the prefrontal cortices (P FC ) in  short-term  (or 
working) memory explained activation o f these areas in  a typical choice reaction task 
as it  is  necessary fo r good performance to maintain a mapping o f  stimulus-response  
translations. How ever recent studies have shown, using appropriate control tasks, 
that i t  is  not S - R  translation that specifically affects P F C  activity (Bunge et al., 2002 ; 
Matsumoto et al., 2003a; Pochon et al., 2001). Instead, dorsolateral P F C  has been 
implicated in  the planning stage o f  movement, link ing  a movement decision to the 
action its e lf  (Schluter et al., 2001 ; Schumacher &  D 'Espo sito , 2002). Heekeren et al. 
(2006) recently found that P F C  activity appears to be modality-independent, both in  
term s o f  the modality o f  the stim ulus and the response, suggesting that P F C  activity 
occurs at an early, high-level stage in  the response hierarchy. One mechanism by 
which the P F C  lin ks decision and action has been postulated to be inh ib ito ry  
processing o f  inappropriate responses (Huettel &  McCarthy, 2004 ; Nakata et al.,
2005). T h is  is supported by a study showing that P F C  activity is  modulated by 
response competition (Bunge e t . al., 2002) and by lesion studies showing that
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prefrontal lesions can cause subjects to compulsively im itate movements performed 
in  fro n t o f  them (fo r a review  see Jeannerod, 2001).
Trad itio na lly , parietal areas have been associated w ith  attention-related activity, 
particularly spatial attention. I t  is  emerging, however, that the posterior parietal 
cortex (PPC ) plays a part in  the early form ation o f m otor plans w ith  particular 
emphasis on sensory-motor integration to produce abstract m otor goals (Andersen &  
Buneo, 2002). Le sio ns o f  the PP C  do not produce prim ary sensory or m otor deficits 
but affect tasks where the two are combined, fo r example reaching fo r a target in  3D  
space, or planning actions in  response to sensory stim u li. Areas o f  P P C  have dense 
interconnections w ith  PM d  as w e ll as receiving inform ation from  sensory areas and it  
is  speculated that premotor areas receive the m ajority o f  the ir sensory input via the 
parietal cortex (W ise  et al., 1997). Part o f  the role o f the PP C  as an intermediary 
seems to be transform ation o f  the body-centered or head-centered sensory  
coordinates into eye-centered coordinates that can be used to generate motor 
command vectors. T h is  standardisation o f spatial coordinates is  essential fo r efficient 
visuom otor coordination, presumably accounting fo r the deficits observed w ith  PPC  
lesions (Andersen &  Buneo, 2002). Th e  abstract nature o f  PP C  involvement in  motor 
planning is  supported by studies such as Thoenissen et al. (2002) who used a 
response-priming task where the prime indicated an upcoming finger movement or 
no response (termed a ;nogo’ tria l). Th e y  manipulated the probability that the prime 
correctly predicted the upcoming movement (or no response) to assess how  
preparative activity was affected by the likelihood that a response is  necessary. The y  
found activity in  parietal areas was s im ila r regardless o f  how  like ly  i t  was that a 
response would subsequently be required. A c tiv ity  in  precentral m otor areas, in  
contrast, was modulated according to the likelihood o f  a specific response being 
made, suggesting that hierarchical progression from  parietal to m otor cortices is  
coupled by a fme-tuning o f the intended m otor action.
Th e  evidence above would suggest that parietal cortex involvement in  movement 
production is  dependent on the need fo r sensory-motor integration such as in  a 
reaching or tracking task. However, a primate study by Gemba et al. (2004) shows 
th is  is  not the case. T h is  study demonstrated that even w ith  simple, internally-
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triggered movements (e.g. finger extensions) P PC  activity was observed together 
w ith  activation in  m otor cortices. One explanation fo r P P C  activity in  the absence o f  
external sensory s tim u li is  that part o f  the integration the P P C  perform s is  the use o f  
proprioceptive in form ation to plan m otor actions based on current lim b position  
(W ise  et al., 1997). Another explanation is  that PPC  activity partly reflects attention- 
related activity that is  elicited automatically during movement preparation to enable 
the participant to focus on the intended movement. Th e  latter interpretation is  
expanded on in  the next section examining lin k s between attention and movement.
1.5. M otor preparation: L inks w ith  spatia l attention  p rocessing
Th e  evidence reviewed in  the previous section revealing brain activity in  areas 
outside o f the m otor cortices during m otor preparation demonstrates the contribution 
o f non-motoric cognitive processing to the production o f  a movement. T h is  is  not 
surp rising  since m otor control, like any other human behaviour, does not function in  
isolation but is  dependent upon perceptual and cognitive processes not directly 
involved in  the eventual movement execution. T h is  is  certainly true in  the case o f  
movements produced in  the S 1-S 2 response-priming paradigm where m otor 
behaviour relies upon perceptual in form ation received typically through the visual or 
auditory modalities and the cognitive processing o f that inform ation.
A  recent find ing o f particular relevance to th is thesis is  the discovery o f a lin k  
between spatial attention processing and m otor preparation in  the S 1-S2 paradigm. 
Th e  calculation o f lateralised E E G  potentials in  th is  paradigm that yields the L R P  
(see 1.2.5 Lateralised readiness poten tia l (LRP)) is  not restricted to the reflection o f  
m otor activity but reveals any lateralised activity associated w ith  a le ft or right hand 
response. Th e  term  L R P  has traditionally been used to re fer specifically to motor- 
related potentials only and hereafter the term  event-related lateralisation ( E R L )  w il l  
be used to re fer more generally to th is  lateralised activity.
Studies have taken advantage o f  E R L s  to reveal lateralised activity associated w ith  
the sh ifting  o f  spatial attention to one or other side o f perceptual space. A  typical
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experimental design is  an S 1-S 2 paradigm where S I  provides inform ation about 
w hich side o f v isual space the S 2 response cue w ill  appeal' in. Participants have to 
respond to S 2 as fast as possible and it  is  known that response speed is  increased 
when S I  correctly cues S 2 location (Posner, 1980). Im portantly, in  such studies the 
eyes are fixated centrally meaning that the advantage gained from  foreknowledge o f  
target location is  attributed to a sh ift in  spatial attention, rather than factors such as 
eye saccades bringing the target into sharper focus. Fo llo w ing  th is  behavioural work, 
E R P  studies have examined lateralised activity occurring in  the foreperiod when S I  
provides le ft or rightward inform ation about upcoming target location (E im er &  
D rive r, 2001 ; E im e r et ah, 2002 ; H o p f &  Mangun, 2000 ; Nobre et al., 2000 ; 
Praamstra et ah, 2005). T h is  lateralised activity is  thought to reflect processing 
related to covert sh ifts  o f  spatial attention, i.e. the direction o f  attention towards one 
side o f space w ithout a corresponding eye movement. Th e  study o f foreperiod E R L s  
in  tasks invo lv ing  spatial attention sh ifts  commonly reveals three d istinct 
components. Th e  f ir s t  is  a contralateral negativity over posterior electrodes occurring 
~ 150-300 ms after S I  presentation. T h is  is  referred to as the early directing-attention 
negativity (E D A N ). Th e  second is  a frontocentral contralateral negativity occurring 
~ 300-600ms after S I  called the anterior directing-attention negativity (A D A N ). 
F in a lly , a contralateral p o sitiv ity  over occipitotemporal electrode sites is  observed 
~ 600-900ms after S I .  T h is  last component is  named the late directing-attention 
p o sitiv ity  ( L D A P ) .  A lthough th is  particular term inology has not always been 
employed the latency and scalp d istribution o f  these components shows a good 
correlation across studies.
In  cross-modal studies where, fo r example, a visual stim ulus directs attention 
towards one side o f  auditory space the early component E D A N  was found to be 
absent, despite the presence o f A D A N  and L D A P  components (see E im e r et al.,
2002). A  fo llow -up study by van Velzen &  E im e r (2003) used compatible and 
incompatible arrowhead stim u li in  an attention-shifting task to determine the locus o f  
the E D A N  activity. In  the compatible condition, a leftward pointing arrow signified a 
sh ift o f  attention to the le ft side o f  space and in  the incompatible condition to the 
rig h t side. Th e y  found that the presence o f  the E D A N  activity was dependent on the 
direction o f the arrowhead w h ils t the A D A N  and L D A P  components were dependent
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on the direction that attention was to be allocated. Th e y  thus concluded that E D  A N  
reflected perceptual processing o f physical differences in  task-relevant stim u li used 
in  unimodal visual studies rather than being implicated in  spatial attention processing 
per se4.
Recently, the A D A N  and L D A P  attention-related E R L  components have been 
observed in  unimanual S 1-S2 response tasks where participants are not instructed to 
explic itly  sh ift  the ir attention but to prepare fo r a response w ith  the le ft or righ t hand 
(E im e r et al., 2005 ; Praamstra et al., 2005 ; van der Lubbe et al., 2000 ; Verleger et al., 
2000 ; Wauschlcuhn et al., 1997). Th e  fact that these components have been reliably  
associated w ith  mechanisms o f  spatial attention and yet are present in  a task that does 
not require explicit sh ifts  o f  attention suggest that processes related to attention and 
selection o f response hand are strongly linked. I t  would appear from  th is  evidence 
that a stim ulus instructing preparation o f the le ft or rig h t hand is  su ffic ient to evoke 
A D A N  and L D A P  activity in  the foreperiod. E im e r et al. (2005) postulated that the 
preparation o f  the required m otor response was a trigger fo r an automatic covert 
attention sh ift towards the prepared hand thereby yielding the attention-related 
lateralised activity. T h is  idea is  consistent w ith  the premotor theory o f  attention 
outlined in  the fo llo w ing  section.
1.5.1. Premotor theory o f  attention
I t  is  evident from  neuroimaging studies that activity is commonly observed in  
premotor areas when participants engage in  a task invo lving the focus or sh ifting  o f  
spatial attention (Gitelman et al., 1999; Hop finger et al., 2000 ; Rosen et al., 1999; 
Sim on et al., 2002). T h is  activity is  generally considered to be part o f  a wider 
network o f  activity implicated in  the control o f  attention known as the frontoparietal 
attention network (see Corbetta &  Shulm an, 2002). There  has been speculation as to 
w hy activity related to spatial attention processing is  present in  premotor cortical 
areas that are more typically linked w ith  control o f  movement (see 1.4 M otor
4 For this reason, the ED A N  component is not considered relevant with respect to motor preparation 
as it is elicited by perceptual features o f S 1 rather than being linked to later foreperiod activity.
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preparation: Neurophysiology). A  mechanism fo r the lin k  between sh ifts  o f attention 
and m otor processing has been suggested by R iz zo la tti et al. ( 1987) in  what they 
called the premotor theory o f  attention. Th e  theory supposes that covert sh ifts  o f  
attention can be equated to prepared and unexecuted eye saccades to the required 
location. In  th is  way, the oculomotor activity underlying the preparation o f an eye 
saccade provides the underlying basis fo r a sh ift  in  attention that facilitates responses 
in  attention cueing tasks. I t  is  w ell-know n from  research w ith  monkeys that an area 
known as the frontal eye fie lds ( F E F s ) ,  located in  Brodm ann area 8 largely controls 
the production o f  saccadic eye movements (Bruce &  Goldberg, 1985). T h is  area has 
a homologue in  humans although find ings suggest that the human F E F s  are located 
proxim al to premotor areas in  Brodm ann area 6 (Pe tit et al., 1997; fo r a review see 
Paus, 1996). According to the premotor theory saccadic preparation (though not 
execution as eye movements are not actually made) in  the fronta l eye fie lds is 
responsible fo r the presence o f activity in  premotor areas during covert spatial 
attention tasks. However, such a stric t analogue o f  F E F  activity and spatial attention 
is  problematic as discussed recently by van der Lubbe et al. (2006). The y  compared 
E R L  components related to attentional orienting and saccade preparation in  an S 1-S2 
type task. U s in g  a saccade-locked analysis they revealed a reverse-polarity A D A N  
component and no L D A P  component. According to the premotor theory the 
preparation o f saccades should invoke equivalent activity to that o f  spatial attention 
sh ifts  which was clearly not the case here. A dditionally, S im on et al. (2002) showed 
w ith  an oculomotor control task that premotor cortex activity elicited by a spatial 
attention task overlapped w ith  saccadic activity but included additional activation 
outside o f  the fronta l eye fie lds.
Taken together, th is  evidence suggests that the premotor theory o f  attention in  its  
strongest defin ition is  too sim p listic  but the wealth o f  evidence link ing  oculomotor 
activity and spatial attention cannot be ignored (fo r a review see Corbetta et al., 
1998). Instead o f discarding the theory, researchers have generally adopted a revised 
version whereby the control o f  eye movements and spatial attention are thought to be 
subserved by common underlying neural mechanisms (Corbetta, 1998) and therefore 
tigh tly  linked. T h is  provides an explanation fo r the presence o f  premotor cortical 
activity in  tasks invo lv ing  attentional processing as th is  may arise from  areas
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underpinning both eye movement control and attention-related processing. A s E im e r 
et al. (2005) point out, links between spatial attention and m otor preparation have 
generally been investigated in  the oculomotor domain but the evidence 
demonstrating attention-related activity in  tasks requiring preparation o f a manual 
response (E im e r et al., 2005 ; Praamstra et al., 2005 ; van der Lubbe et al., 2000 ; 
Verleger et al., 2000 ; Wauschkuhn et al., 1997) suggest that a broader scope fo r the 
theory may be appropriate. E im e r et al. (2005) state that “ Th e  premotor theory o f  
attention provides an alternative to the v iew  that attentional mechanisms are stric tly  
separable from  sensory processing and from  the preparation and activation o f  motor 
responses. According to th is  theory, the control o f  goal-directed movements and the 
control o f  attention are closely linked, because they are implemented by common 
structures, w ith  d iffe rent control mechanisms specialised fo r d iffe rent types o f  
movements, and fo r d iffe rent parts o f  space.” (p. 957). T h is  broader de fin ition o f  the 
original theory o f  R iz zo la tti et al. ( 1987) provides a hypothesis that accounts fo r the 
presence o f  attention-related activity in  a manual response task by proposing that, as 
in  the oculomotor domain, selection and preparation o f  a response and spatial 
attention processing are not entirely dissociated.
1.6. M otor preparation: Sum m ary
Th e  evidence reviewed in  the previous sections demonstrates that p rio r to the 
execution o f a movement preparatory processing related to the production o f th is  
movement occurs in  both m otor and non-motor cortical areas. Furtherm ore, it  was 
shown that advance inform ation about the upcoming movement provided by a 
stim ulus in  a response-priming S 1-S 2 paradigm modulates th is  preparatory activity  
resulting in  behavioural and physiological effects that d iffe r w ith  the nature and 
extent o f  inform ation supplied. A  theoretical framework fo r understanding m otor 
preparation and the effects o f  advance inform ation was described in  the form  o f the 
idea o f m otor programming. Complementing th is  theoretical perspective, a review o f  
neurophysiological evidence provided insight into areas o f  the brain involved in  the 
implementation o f preparatory processing o f  a m otor response. F in a lly , recent 
evidence link ing  spatial attention and m otor preparatory processing was reviewed
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demonstrating that advance inform ation provided about an upcoming movement can 
also e lic it other cognitive processing linked to, but not directly reflecting, preparation 
o f the appropriate m otor response.
Exam ining the preparatory phase o f movement production provides a fu lle r  
understanding o f m otor control than studying the execution phase alone. Th e  
evidence reviewed here suggests a portion o f  the activity related to production o f a 
movement occurs in  a preparatory period distinct from  activity associated w ith  
producing the individual muscle movements themselves. B y  studying modulations o f  
th is  preparatory activity w ith  advance inform ation a more complete picture o f  the 
mechanisms o f m otor control may be achieved. A  fie ld  in  which the study o f  the 
preparatory phase o f m otor control is  relatively under-researched is  that o f m otor 
processing in  contexts other than movement execution, i.e. situations where 
movements are imagined or observed. Th e  next two sections review evidence that 
argues fo r the involvement o f  cortical m otor areas associated w ith  overt movement 
execution in  the imagination and observation o f  movements respectively.
1.7. M otor im agery
7. 7.7. Definition
A n  important pre-requisite in  the study o f  m otor imagery is  a clear de fin ition o f  
precisely what kind o f mental activity is  under discussion. A s detailed by Annett 
( 1995) there are d iffe rent ways in  which movement may be imagined, the most 
important distinction being between so-called kinaesthetic and visual imagery. 
ICinaesthetic imagery is  first-person imagery where participants are asked to mentally 
conjure up the feelings and sensations as i f  the ir lim bs were actually moving. V isua l 
imagery is  third-person, where participants mentally picture themselves, o r someone 
else, making the appropriate movement. Th e  critical nature o f  th is  distinction has 
been demonstrated in  recent studies where the two types o f imagery have been 
directly compared. U s in g  an algorithm ic analysis o f  single-tria l E E G , Neuper et al. 
(2005) found that kinaesthetic imagery could be reliably identified w ith in  the E E G
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signal (67%  accuracy) whereas visual imagery could not. Additionally, topographic 
analysis showed a focus o f  activity fo r kinaesthetic imagery over the sensorim otor 
hand area and no d istinct spatial pattern fo r visual imagery. L im  et al. (2006) found 
that fo llo w ing  a ten minute session o f kinaesthetic imagery, patients w ith  Parkinson’s 
disease displayed a norm alisation o f  late C N V  in  a preparation paradigm. A n  
abnormal C N V  is  thought to reflect d isruption o f  m otor processing in  these patients. 
Th e  same effect was not found w ith  an equivalent session o f v isual imagery in  the 
same patients. Th e  consensus emerging from  the literature is  that first-person, 
kinaesthetic imagery is  more closely matched to overt movement execution than 
visual imagery both in  functional and neurophysiological terms. A s  th is  thesis 
involves the comparison o f  m otor imagery w ith  overt execution, m otor imagery w ill  
be hereafter used as a synonym fo r kinaesthetic imagery.
1. 7.2. M otor imagery and movement execution
There  is  a wealth o f  evidence suggesting that m otor imagery shares many 
characteristics w ith  overt movement execution.
1.7 .2 .1. Behavioural evidence
A n  obvious d iffic u lty  in  studying m otor imagery behaviourally is  that there is  no 
overt behaviour to be measured by traditional means such as reaction times. One 
method that researchers have used to circumvent th is  problem is  to use participants 
self-reporting o f  the time they take to imagine movements. A lthough th is  su ffe rs 
from  the inaccuracies inherent in  any self-reports i t  is  assumed that these 
inaccuracies are reasonably consistent and therefore tim ing  o f  executed and imagined 
movements can be compared. M a ru ff  et al. ( 1999) used a visually-guided pointing  
task where participants executed and imagined repetitive movements towards a 
target. Ta rget size was varied thereby manipulating the task d iffic u lty . The y  found 
that both the tim ing o f  executed and imagined movements conformed to F i t t s ’ law o f  
movement production. F i t t s ’ law is  a very robust model fo r calculating the time taken 
to execute a movement towards a target (such as pointing) as a function o f  the
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distance to the target and the target size. Th e  fact that a parameter such as target size  
affects both modes o f movement in  the same way led the authors to conclude that 
th is  shows support fo r the hypothesis that “ ...rea l and imagined m otor movements 
are constrained by the same physical and environmental processes.”  (p. 383). Th e y  
also found that both real and imagined movement duration was increased when the 
non-dominant hand was used compared w ith  the dominant hand5. T h is  sim ila r 
asymmetry in  performance between the two hands regardless o f  the mode o f  
movement again suggests that imagery o f  movement elicits s im ila r underlying neural 
mechanisms to that o f  movement execution.
Sabate et al. (2004) provided fu rthe r evidence o f a s im ila rity  in  behavioural 
asymmetries in  executed and imagined movements. Participants were right-handed 
patients who had suffered unilateral lesions in  the le ft or rig h t hemisphere fo llow ing  
stroke. Participants were selected based upon the demonstration o f  disturbances in  
hand movements as a resu lt o f  the lesion. Th e y  were instructed to perform , either 
overtly or using imagery, repetitive flexions/extensions o f  fingers in  sequence o f  
varying complexities on the le ft or rig h t hand. A s w ith  the study reported above, the 
total movement time based on self-reports was measured. Re su lts  showed that, when 
executing movements, left-brain lesions decreased the speed o f  movements in  both 
hands (compared w ith  control participants), whereas right-brain lesions only affected 
left-hand movements. C ritica lly , th is asymmetrical disturbance o f m otor performance 
was also observed fo r imagined movements. Th e  find ing  that the dominant 
hemisphere (i.e. the contralateral le ft hemisphere fo r right-handers) shows more 
involvement in  control o f  ipsilateral hand movements than the non-dominant 
hemisphere is  a common one (Ba i et al., 2005 ; Dassonville  et al., 1997; Rogers et al., 
2004 ; Ziem ann &  Ha lle tt, 2001). Speculation as to the underlying reasons fo r th is  
hemispheric asymmetry in  m otor control is  ongoing (fo r a review see Sun &  W alsh,
2006) and as th is  debate does not directly in fo rm  the topic o f  th is thesis th is  
discussion w ill  not be expanded upon. However, the study o f  Sabate et al. (2004)
5 Although this asymmetrical pattern was evident for imagined movements, the authors point out that 
the variability between the performance o f the dominant and non-dominant hands is increased 
compared with real movements.
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demonstrates that disturbances o f  m otor control due to lesion affects the production 
o f both overt and imagined movements in  a s im ila r manner. Behavioural studies have 
thus provided in itia l evidence fo r suggesting that execution and imagination o f  
movements are governed by shared underlying neural mechanisms and th is idea is  
fu rthe r supported by evidence from  neurophysiological research.
1.7 .2 .2 . Neurophysiological evidence
Studies that have examined m otor imagery using neurophysiological methods have 
also revealed many sim ila ritie s between movement execution and imagination. E E G  
studies o f  simple movements have investigated activity elicited when responding 
w ith  the le ft o r rig h t hand. Lateralisation studies (Beisteiner et al., 1995; Carrillo-de- 
la-Pena et al., 2006 ; Galdo-Alvarez &  Carrillo-de-la-Pena, 2004) have consistently 
revealed lateralisation o f  activity to the hemisphere contralateral to the response 
hand, m irro ring  the lateralisation observed in  studies o f  movement execution6. 
Event-related synchronisation/desynchronisation ( E R D / E R S )  w ork  (Pfurtscheller et 
al., 2005 ; P furtschelle r et al., 1997) has also shown sim ila ritie s between activity  
observed in  executed and imagined movements such as suppression o f the beta 
rhythm  and subsequent rebound during and post-movement respectively (see 1.10.3 
Event-related desynchronisation/synchronisation (ERD/ERS)). Neuroimaging studies 
o f both simple (Lo tze  et al., 1999; Stippich et al., 2002) and everyday complex 
movements (Szameitat et al., 2007a, 2007b) provide evidence o f  m otor imagery 
engaging brain networks associated w ith  movement execution, particularly premotor 
areas (P M , S M A ), basal ganglia and parietal cortices. A s w ith  m otor preparation, a 
continuing controversy surrounds the involvement o f prim ary sensorim otor areas in  
m otor imagery. A lthough activity in  these areas is  commonly found, albeit at an 
attenuated level (Lo tze  et al., 1999 ; Sharma et al., 2008 , Stephan et al., 1995; 
Stippich et al., 2002 ; Szameitat et al., 2007b), i t  is  d iffic u lt to determine whether th is
6Typically, though, the amplitude o f EEG  activity associated with imagery is attenuated in comparison 
with that o f overt movements which may reflect the difficulty in locking the E R P  to an imagined 
movement onset.
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activity represents a role fo r M l  in  movement imagination per se or whether it  is  as a 
resu lt o f  sub-threshold muscle activity during m otor imageiy.
Other studies have extended these general find ings equating imagery and execution 
by examining more subtle characteristics o f the m otor system. F o r example, i t  is  
well-know n that le ft and rig h t handers show a different pattern o f  hemispheric 
asymmetry in  cortical activity d ining unimanual and bimanual tasks (Am unts et al., 
2000 ; Dassonville  et al., 1997; Volkm ann et al., 1998; Ziem ann &  Ha lle tt, 2001). A  
study by Yahagi &  Kasai ( 1999) used a m otor imagery task and applied T M S  to 
reveal that an asymmetry between le ft and rig h t hand use in  right-handers was not 
demonstrated by left-handers -  a common find ing in  the m otor execution literature. 
Eh rsso n  et al. (2003), M ichelon et al. (2006) and Stippich et al. (2002) found that 
imagination o f movement w ith  d iffe rent effectors (e.g. fingers or toes) recruited 
somatotopically mapped areas o f  the m otor cortex in  a s im ila r way to overtly  
executed movements. In  the same way that manipulating parameters o f  movement 
can affect brain activity in  overt movement tasks, Kuhtz-Buschbeck et al. (2003) and 
Rom ero et al. (2000) found that parameters such as force and complexity o f  
movement modulated activity during m otor imagery. In  a combined fM R I  / T M S  
study Kuhtz-Buschbeck et al. (2003) demonstrated that when participants imagined 
perform ing a complex sequence o f  thum b-finger oppositions compared w ith  a simple  
repetitive thum b-finger opposition, enhanced activity was observed in  premotor, 
parietal and cerebellar areas, in  line w ith  what happened during execution o f  
equivalent movements. T h is  suggests that more abstract aspects o f  movement 
production, such as the sequencing o f movements, are also subserved by s im ila r 
underlying cortical networks in  an execution and imagination context. B u rle  et al. 
(2004) used an S 1-S 2 response-priming paradigm to study tria ls in  which a prime  
providing inform ation about a particular response is  followed by a cue instructing the 
participant not to take any action ( ‘nogo’ tria ls). Specific E E G  components are 
known to occur fo llo w ing  a nogo signal in  the case o f overt movements and B u rle  et 
al. (2004) used a m otor imagery task to see whether these components were also 
elicited in  th is case. Th e y  showed that two components (an in itia l negative 
deflection, N 2 , followed by a large positive deflection, P 3) present in  the E E G  signal 
shortly  after a nogo signal were also present in  an imagery context, although the
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amplitude o f  the P 3 activity was attenuated compared w ith  tria ls  invo lv ing  overt 
movement execution. These components have been linked w ith  d ifferent aspects o f  
an inh ib ito ry  mechanism fo r preventing the movement from  taking place (see 
Falkenstein et al., 2002). Th e  authors in fe r that because th is  inhibition-related  
activity is  present in  imagery tria ls (despite the fact that no movement would have 
actually taken place) the “ inh ib itio n  does not occur at the response execution level, 
but probably upstream in  the sensorim otor processing chain.” (p. 79). W h ils t  th is  
inference is  speculative (due to controversy surrounding exactly what functionality  
the N 2 and P 3 may reflect) comparable components fo llo w ing  nogo tria ls in  the two  
modes o f  movement again points to underlying sim ila ritie s in  the production (and 
hence the suppression) o f  an executed or imagined movement.
Altogether, th is  evidence supports the hypothesis that underlying processing related 
to imagining and executing movements demonstrates a high degree o f sim ila rity , 
although o f  course behaviourally there is  one important difference in  that motor 
imagery does not actually cause movement o f  the lim b. Jeannerod (2001) suggests 
two possib ilities as to how th is  difference is  realised in  the m otor system. Th e  f ir s t  is  
that imagery causes below threshold activation o f M l  and other ‘executive’ m otor 
areas thereby never actually invoking muscle activity at the peripheries. T h is  would  
account fo r the well-replicated find ing that activation associated w ith  imagery is  
significantly weaker than that o f  execution. Th e  second is  that during imagery there 
is  some kind o f inh ib ito ry  mechanism activated in  tandem when imagining that 
actively prevents muscle movement. M o st recently, an fM R I  connectivity study by 
Kasess et al. (2008) provided support fo r th is  latter v iew  by demonstrating that 
during m otor imagery the S M A  exerted an inh ib ito ry  effect on the prim ary m otor 
cortex.
1. 7.3. M otor imagery and movement preparation
Th e  consistent involvement o f  premotor areas and the mixed find ings o f  prim ary  
m otor cortex involvement in  m otor imagery have led to the theoretical perspective 
that m otor preparation and m otor imagery may be equivalent states, in  particular w ith
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regards to activity w ith in  the m otor system. A n  obvious phenomenological difference 
is  that imagined actions are conscious and available to introspection in  a way that 
preparatory activity is  not. In  a review  article Jeannerod (2001) defined m otor 
imagery as the neural sim ulation o f  movement, such that “covert actions are in  fact 
actions, except fo r the fact they are not executed.” (p. 103). In  other words, th is  
‘neural s im ula tion’ theory states that m otor imagery can be considered to be the 
activation o f existing neural representations o f a particular m otor action w ithout 
overt movement. T h is  description could equally w e ll serve as a defin ition o f a 
prepared movement held in  readiness.
A  few  studies have directly compared m otor imagery w ith  preparation as w e ll as 
execution in  an attempt to disentangle these three states. MichelOn et al. (2006) found  
that differences in  neural activation in  imagery and preparation compared w ith  
execution were very s im ila r and proposed that the difference between preparation 
and imagery was one o f “ ...degree rather than kind” (p. 820). However, Stephan et 
al. ( 1995) found in  a study o f  freely-chosen auditory-paced jo ystic k  movements that 
an imagery versus preparation comparison revealed differences in  activity in  the pre- 
S M A , in fe rio r parietal lobe ( IP L ) ,  superior parietal lobe ( S P L )  and ventral and dorsal 
premotor cortex. T h is  shows that these two states can be distinguished in  term s o f  
neural activity. Caldara et al. (2004) conducted an E R P  study that used an S 1-S 2 
paradigm to separate the preparation and execution phases o f  movement and fu rthe r 
adopted two modes o f  response, execution and imagination. T h is  yielded fo u r 
distinct states: preparation fo r execution (P -Ex ), overt execution (M -Ex ), preparation 
fo r imagery (P-Im ) and imagination o f  movement (M -Im ). N o t only did Caldara et al. 
(2004) reveal differences in  P - E x  and P-Im  in  terms o f  M l  involvem ent but also 
distinguished between P-Im  and M -Im  suggesting that the preparation o f  movements 
cannot be considered to be synonymous w ith  movement imagination.
Another E R P  study by Cunnington et al. ( 1996) examined specifically the 
preparatory period o f overt and imagined movements using s w ift  hand movements 
between response buttons that were cued every fou r seconds. Th e y  found that, 
compared w ith  a control condition where participants passively observed the cues, a 
negative readiness potential developed p rio r to imagined movements in  a s im ila r
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manner to executed movements. Th e y  did note, however, that the late part o f  the 
readiness potential (what they term  the negative slope, N S , that occurs ju s t before the 
response cue) was attenuated in  the imagination condition which they attribute to a 
differentia l contribution o f  the prim ary m otor cortex in  the two modes o f movement. 
T h is  inference is  based on the ir find ing  that the N S  was lateralised over the 
contralateral hemisphere (which they took to reflect activation o f  the hand area o f  
prim ary motor cortex) p rio r to executed movements but not imagined ones. 
Janlcelowitz &  Colebatch (2002) showed a s im ila r pattern o f  readiness potentials 
p rio r to cued abductions o f  the finger or shoulder (executed or imagined). In
addition, they found enhanced amplitudes p rio r to movements w ith  the shoulder
compared w ith  finger movements. Im portantly, th is  enhanced amplitude was evident 
in  both the case where movements were overtly performed and where they were 
imagined. T h is  extends find ings that activity during  an executed or imagined 
movement is  s im ila rly  affected by specific movement parameters (see above) by 
showing the preparatory phase can also reveal such likenesses in  the two movement 
modes.
1.8. Motor observation
1.8.1. M irror neurons
M uch o f the interest in  studying commonalities underlying m otor execution and 
observation was kindled by the w ork o f  R iz zo la tti and colleagues (Gallese et al., 
1996) who discovered a subset o f  neurons in  primates that not only fired  when the 
monkey performed an action but also when the monkey observed another perform ing  
that action. These so-called m irro r neurons, located in  area F 5 in  the ventral premotor 
cortex, are tuned to specific movements such as grasping or reaching. The y  react 
only when the monkey observes an interaction between another and an object, not 
when view ing the object or th ird  party alone. Th e  authors postulate that th is mapping 
o f perception o f  movement onto neurons norm ally active in  movement execution 
may highlight a role fo r these neurons in  internally representing or understanding the 
observed action. R iz zo la tti et al. (2001) defines understanding an observed action as
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“ ...the  capacity to achieve the internal description o f  an action and to use i t  to 
organise appropriate future behaviour.” (p. 661). T h is  defin ition captures the idea 
that observing an action does not sim ply e lic it activation related to the perceptual 
elements o f  the observed scene but that th is inform ation is  then used to in fo rm  the 
observer about what the actor is  actually doing and even (fo r humans particularly) 
w hy they m ight be doing it. Evidence fo r th is  ‘high-level’ understanding o f the 
action has been found by U m ilta  et al. (2001) who studied the response o f m irro r 
neurons in  monkeys to view ing an actor grasping a piece o f food. Typ ica lly , a 
specific set o f  neurons discharge when the monkey views the grasping interaction 
between the actor and the object. U m ilta  et al. (2001) tested whether th is  same 
activation could be elicited by the monkey view ing only the f ir s t  part o f the actor’s 
actions w ith  the crucial element (the grasping itse lf) hidden behind a screen. Th e  
monkey had previously been shown that the food was behind the screen and 
therefore the meaning o f the actor’ s action could be inferred fro m  the knowledge o f  
the situation and the actor’ s hand moving behind the screen. Th e y  found that over 
h a lf o f  the ‘grasping-responsive’ m irro r neurons fired in  th is  case suggesting that the 
monkey was capable o f deriving the meaning o f the action from  the partial visual 
inform ation. U m ilta  et al. (2001) stress that the claim is  not that the monkey 
understood the m otivation behind the movement, only that the grasping action was 
represented by the monkey despite the lack o f fu ll  v isual inform ation. There is  
speculation as to w hy it  may be important fo r an observer to generate an 
understanding o f such actions. One explanation is  that i t  may facilitate the im itation  
o f viewed actions which, fo r example, helps an infant to learn by copying the actions 
o f its  elders. Another is  that i t  is  an essential part o f  social interaction as deriving the 
meaning o f another’s actions may be critical in  terms o f  selecting an appropriate 
response (fo r example, the capability to discern aggressive from  friend ly  actions).
Another set o f  find ings in  the m otor observation literature is  that in  monkeys and 
humans that there are specific areas o f  extrastriate visual cortex (in  the 
inferotemporal lobe and superior temporal sulcus, S T S )  that become active in  
response to view ing movement by others. Activation has been found that is  selective 
fo r biologically plausible m otion only and th is  activation can be elicited by point- 
lig h t s tim u li suggesting that it  is  the m otion itse lf, not observation o f another body
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per se, that is  important (fo r a review see Decety &  Grezes, 1999). These two sets o f  
find ings have led R iz zo la tti et al. (2001) to propose two distinct mechanisms fo r how  
perceived actions are represented and understood by the observer.
F ir s t ,  the visual hypothesis supposes that the understanding o f  an observed action 
comes about from  an analysis o f  purely visual elements o f  the scene. However, 
evidence such as the study o f  U m ilta  et al. (2001) discussed above shows that 
processing related to action observation goes beyond visual analysis alone. Secondly, 
the direct-matching hypothesis supposes that understanding comes from  mapping the 
observed action onto an internal representation o f the same action in  the observer’s 
m otor system. T h is  direct-matching hypothesis is  very sim ila r in  description to the 
neural sim ulation theory o f  m otor imagery outlined earlier (see 1. 7.3 M otor imagery 
and movement preparation). In  both the neural sim ulation and direct-matching 
theories, existing neural representations o f  an action are activated in  response to 
movement imagery or observation respectively. Th e  direct-matching hypothesis 
would therefore predict the involvement o f  cortical m otor areas s im ila r to those 
activated by executing movements in  observing movements.
1.8.2. Sensorimotor involvement in movement observation
Evidence fo r the involvement o f  sensorim otor cortical areas in  the observation o f  
movement has been provided by studies using various techniques. One method has 
been the investigation o f  modulation o f  E E G / M E G  oscillatory activity over m otor 
cortical areas (Bab ilon i et al., 2002 ; Cochin et al., 1998; H a ri et al., 1998). These  
studies are interesting because they all make use o f  d ifferent observed movements. In  
the study o f  Cochin et al. ( 1998) participants viewed video clips o f  a woman bending 
or perform ing scissor movements w ith  her legs. In  a control condition participants 
viewed moving objects such as a waterfall. H a ri et al. ( 1998) asked participants to 
either manipulate a sm all object or to observe someone else manipulating the object. 
Fin a lly , Bab ilon i et al. (2002) had participants either perform  or watch self-paced 
middle finger extensions w ith  the le ft or rig h t hand. A l l  these studies found centro- 
parietal suppression o f oscillatory activity in  the beta range during movement
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observation. T h is  beta rhythm  suppression has been shown to be associated w ith  
activation o f the m otor cortices during execution o f  movements (see Pfurtschelle r &  
Lopes da Silva , 1999). Th e  involvement o f  m otor areas in  the observation o f middle 
finger extensions, what Bab ilon i et al. (2002) call ‘ simple aim less’ movements, 
suggests that the role o f  m otor areas in  the perception o f  movement is  not restricted 
to complex, meaningful actions such as the object grasping and manipulations used 
in  monkey work. One o f the find ings o f  Bab ilon i et al. (2002) was that the typical 
pattern o f  lateralised m otor activity (to the contralateral hemisphere) was not evident 
fo r observation o f movement compared w ith  execution o f  equivalent movements. 
A ziz-Zadeh et al. (2002), however, did observe lateralisation effects in  the study o f  
motor-evoked potentials (M E P s )  facilitated by transcranial magnetic stim ulation  
( T M S ) .  In  the ir study, participants observed videos o f simple finger movements w ith  
the le ft o r rig h t hand and a control condition o f  object movements. A ziz-Zadeh et al. 
(2002) found that applying T M S  over cortical m otor areas contralateral to the 
observed hand (e.g. right-hemisphere when the le ft hand was observed moving) 
caused the largest effect on M E P  amplitudes. T h is  demonstrates a lateralisation o f  
activity w ith  respect to the observation o f  movements o f  the le ft or right hand. In  
addition they observed a hemispheric asymmetry in  th is effect w ith  the degree o f  
lateralisation being more pronounced in  the non-dominant hemisphere. T h is  echoes 
find ings discussed previously w ith  respect to m otor imagery and execution (see 1. 7.2 
M otor imagery and  movement execution) and provides fu rthe r support fo r the idea 
that sim ila r underlying neural activation occurs in  each o f  these movement modes.
Neuroimaging w ork has also revealed a role fo r cortical m otor areas in  the 
observation o f movements (Buccino et al., 2001 ; Cunnington et al., 2006 ; Decety et 
al., 1997; Iacoboni et al., 1999; Suchan et al., 2008). A  common find ing  is  activation 
o f the ventral premotor cortex (Brodmann area 44). T h is  is  considered the human 
homologue o f  monkey area F 5 discussed earlier in  the context o f  m irro r neurons. I t  is  
also known as Broca’s area and has long been implicated in  humans in  language 
production. One argument fo r activation o f  th is  area w h ils t v iew ing movements is  
that participants subconsciously generate an internal verbal description o f the action 
as an aid to understanding. Verbal recognition cannot account fo r premotor activity 
alone, however, as observation o f  meaningless actions (unfam ilia r sign language) fo r
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which it  is  hard to see what verbal description would be generated also elicits 
premotor activity (Decety et al., 1997). M ore compelling evidence that premotor 
cortex activity in  response to observed movements represents more than language- 
related processing comes from  the study o f Buccino et al. (2001). The y  had 
participants watch videotaped actions o f  a mouth biting and chewing, a hand 
reaching and grasping a ball and a foot kicking a ball or pushing a brake. A  control 
condition consisted o f observation o f a static mouth, hand or foot. Th e y  found 
activity in  the premotor cortex that was somatotopically organised in  line w ith  the 
classic m otor homunculus (see 1.4.2 Somatotopic layout). Such a resu lt in  the 
observation o f d iffe rent effectors would not be shown i f  participants merely encoded 
a verbal description o f  the movement. Buccino et al. (2001) conclude that “ ...w hen  
individuals observe an action, an internal replica o f that action is  automatically 
generated in  the ir premotor cortex.” (p. 400).
In  addition to activity in  prim ary and premotor areas, studies have also examined 
somatosensory activity during m otor observation. Avikainen et al. (2002) found 
modulation o f  S I  and S I I  activity fo llo w ing  median nerve stim ulation in  both a motor 
execution and observation condition. Th e y  suggest that th is  activity may be linked to 
the ability to d istinguish movement performed by oneself from  that o f  someone else. 
R o ss i et al. (2002) also foim d modulation o f  somatosensory evoked potentials (S E P s )  
w h ils t observing a sequence o f  flexions or a repetitive grasping action although the 
modulation was different from  that o f  m otor execution. B o th  these studies in fe r that 
somatosensory areas may be considered part o f  the human m irro r neuron system. 
Another common area o f  activation outside the m otor cortices is  in  the parietal lobes 
(Buccino et al., 2001 ; Cunnington et al., 2006 ; Iacoboni et al., 1999) which has been 
speculated to reflect participation o f  the dorsal visual stream in  visuom otor spatial 
transform ation (sim ila r to the role o f the parietal cortex in  m otor planning as 
discussed earlier -  see 1.4.4 Preparatory activity in non-motor areas).
Despite th is  body o f  evidence revealing sensorim otor activation in  response to 
movement observation, reviews o f the m irro r neuron system in  humans are cautious 
in  the ir conclusions about how  robust the lin k  between m otor execution and 
observation is  (Decety &  Grezes, 1999 ; Pomeroy et al., 2005 ; R iz zo la tti et al., 2001).
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There  is  less consensus amongst studies as to underlying commonalities between 
m otor observation and execution than there is  fo r imagery and execution. Pa rt o f  the 
reason fo r th is  may be elucidated by studies that have shown d ifferentia l effects 
when participants perform  d ifferent types o f  movement observation.
1.8.3. Effects o f  types o f  movement observation
Research has demonstrated that activation o f the m irro r neuron system in  humans 
can be dependent upon variations in  the experimental conditions, both in  terms o f  the 
movements themselves and the observation task. F o r example, Decety et al. ( 1997) 
and Iacoboni et al. ( 1999) both found that when participants were asked to observe 
actions they should later im itate activity was invoked in  m otor areas that was not 
present when participants observed the same actions passively o r fo r later 
recognition. S im ila rly , Suchan et al. (2008) recently demonstrated activation o f  
premotor areas when observing grasping actions fo r later im ita tion whereas judging  
the velocity o f  the same observed actions engaged p rim arily  v isual cortical areas. 
Muthukumaraswamy &  Johnson (2004) found that observing manipulation o f an 
object induced a beta rhythm  rebound s im ila r to that o f  perform ing the same 
manipulation whereas observing simple thumb contractions did not. Th e y  speculate 
that only purposeful, goal-based actions recruit the m otor system during observation. 
Maeda et al. (2002) even found using T M S  that a subtle effect like orientation o f the 
observed hands could affect facilitation o f  the appropriate muscles in  the observer’s 
hands. In  the ir study, participants observed video clips o f  thumb and finger 
extension/flexion movements where the clips showed hands facing away from  the 
observer (which matched the ir own hand orientation) and where clips showed hands 
facing towards the observer (opposite orientation). Th e y  found a greater degree o f  
facilitation fo r both thumb and finger movements when the hand being observed was 
in  the same orientation as that o f  the observer. Th e y  speculated that th is result may 
demonstrate the existence o f neurons in  premotor or m otor areas that are responsive 
to observing one’s own hands and that, when viewing hands that have the same 
orientation as your own, a response is  elicited fro m  these neurons.
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Another subtle d istinction has been made between real, ‘ liv e ’ movements made by an 
experimenter and ‘v irtu a l’ movements. Perani et al. (2001) investigated observation 
o f hands grasping geometric shapes. Participants viewed either a real hand 
perform ing these actions or a reconstruction o f  the movements using 3D  v irtua l 
reality. These v irtua l images were either rendered in  3D  or in  2D  on-screen. Th e ir  
find ings were that only the live movements activated areas in  the posterior parietal 
cortex associated w ith  m otor and visuospatial integration whereas v irtua l movements 
activated predominantly v isua l regions. F in a lly , an interesting fM R I  study by Calvo- 
M erino et al. (2005) tested expert ballet dancers compared w ith  novice controls on 
the observation o f specific ballet moves that the dancers had either been 
professionally trained in  o r not. The y  found greater bilateral activations in  the 
premotor cortex and parietal areas when experts viewed moves that they were w ell- 
trained in  compared to those they were not. Th e y  interpreted th is re su lt as support fo r 
the direct-matching theory o f  m otor observation as it  seems that an ind ividua l’s 
personal m otor repertoire is  invoked by the observation o f  another’s actions.
1.8.4. Preparation fo r  o bservation
V ery  few  studies have examined preparatory activity before onset o f  observation o f  
movement. K iln e r et al. (2004) found in  an E R P  study that a typical m otor readiness 
potential (R P )  was elicited towards the end o f  a 1500ms foreperiod p rio r to 
observation o f a hand moving to grasp an object. The y  suggest that participants 
actively prepare the m otor system p rio r to observation as a means o f  anticipating the 
upcoming movement. Calmels et al. (2006) compared E E G  oscillatory activity in  the 
alpha and beta ranges during a 4sec foreperiod p rio r to executing or observing 
repetitive finger/thumb oppositions. A lthough E E G  indices were not identical fo r  
execution and observation, they found no statistical difference between E R D / E R S  
values in  the foreperiod in  the two conditions. Additionally, a s im ila r difference 
between post-movement and pre-movement oscillatory activity fo r execution and 
observation was revealed, suggesting that the two time periods represent differentia l 
processing regardless o f  mode o f movement. T h is  is in itia l evidence fo r preparatory 
activity in  m otor areas p rio r to the observation o f movement but the paucity o f
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research in  th is  area yields a good opportunity to fu rther study the preparatory phase 
in  the context o f observed movements.
1.9. Research aims
Th e  main research aim o f th is thesis is  to contribute to the understanding o f  
underlying functional and neural s im ila ritie s in  processing related to the production 
o f an overt movement, an imagined movement and the observation o f movement. 
Th e  evidence reviewed in  th is  chapter demonstrates that, during the movement phase 
itse lf, m otor imagery and movement observation e lic it activity in  brain areas 
typically associated w ith  executing an overt m otor response. T h is  has been attributed 
to the activation o f  existing neural representations o f m otor acts through imagery (the 
neural sim ulation theory, Jeamierod, 2001) and observation (the direct-matching 
hypothesis, R iz zo la tti et al., 2001).
W h ils t  the ‘active’ phase (during which overt movement, m otor imagery or 
movement observation actually takes place) has been w ell studied, the extent to 
which underlying commonalities in  these modes o f movement extend into the 
preparatory phase is  relatively under-researched. Th e  review o f m otor preparation 
earlier in  th is  chapter highlights the importance o f th is  phase o f  m otor production in  
the study o f  how an intended movement is  realised. A n  opportunity exists to examine 
modulations in  preparatory activity due to provision o f  advance inform ation about 
the upcoming movement in  a m otor imagery and movement observation context. Th e  
provision o f  advance inform ation about parameters o f  an upcoming movement (such 
as response hand) elicits well-established behavioural and physiological effects p rio r 
to response execution (see 1.2.1 Advance movement information). Th e  theory that 
existing neural representations o f  movements are activated in  an imagery and 
observation context leads to the prediction that these sim ila ritie s would extend into  
the preparatory phase, w ith  sim ila r modulatory effects o f  advance inform ation being 
demonstrated p rio r to imagination or observation o f movement as w ith  overt 
execution.
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Th e  studies reported in  th is  thesis use the established S 1-S2 response-priming 
paradigm o f Rosenbaum &  Ko rnb lum  ( 1982), coupled w ith  high-density E E G  
recordings, to study modulations in  brain activity related to provision o f advance 
in form ation about the required response. Th e  high temporal reso lution o f  E E G  (see 
1.10 EEG  theory) affords investigation o f  preparatory brain activity occurring in  the 
m illisecond range. T h is  allowed the study o f  s low -ris ing  motor-related potentials to 
be complemented by an analysis o f  transient lateralised E E G  activity during the S l -  
S 2 foreperiod. A  strong lin k  between preparation fo r overt movement and lateralised 
potentials related to spatial attention has been recently reported (see 1.5 M otor 
preparation; Links with spatial attention processing). Th e  aim o f th is  thesis is  to 
provide a broader context fo r underlying sim ila ritie s in  movement execution, 
imagery and observation. Th e  study o f the lin k  between preparing fo r a response and 
attentional processing in  an imagery and observation context is  an ideal way o f  
addressing th is aim. Th e  close lin k  between m otor preparation and spatial attention is  
thought to be due to activation o f  common underlying neural structures sub-serving 
both these types o f processing (see E im e r et al., 2005). Th e  idea that m otor imagery 
and observation involve activation o f  neural representations underlying overt m otor 
execution leads to the prediction that th is  lin k  between m otor preparation and 
attentional processing w il l  be preserved regardless o f  the mode o f movement.
Th e  specific aims addressed by each o f the studies in  th is  thesis are outlined in  the 
section below. In  addition to the theoretical interest o f  gaining a broader 
understanding o f s im ila ritie s between overt movement and imagery/observation the 
application o f  th is  fie ld  o f  research in  a clinical setting should not be overlooked.
1.9.1. Clinical relevance
One o f  the reasons that studying sim ila ritie s between overt m otor execution and 
movement imagery and observation is  important is  that i t  aids understanding in  how  
these alternative modes o f movement may be utilised w ith in  a clinical setting. F o r  
example, in  patients who su ffe r fro m  impaired movement as a resu lt o f  stroke, 
rehabilitation techniques are often used in  an attempt to recover lo st functionality.
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These techniques generally re ly  on repetitive movement exercises designed to ‘ force’ 
the use o f  impaired m otor areas in  the brain. A n  example o f  such a rehabilitation 
strategy is  that o f  constraint-induced therapy (C IT )  whereby patients are forced to 
use the ir impaired lim b to overcome the ‘ learned non-use’ that resu lts from  
continually using the ir unaffected lim b to perform  day-to-day tasks. C I T  has been 
shown to result in  cortical reorganisation and improvements in  functional 
performance in  stroke patients (Liepert et al., 2000). Pomeroy et al. (2005), in  a 
review o f clinical studies o f  therapy conducted on stroke patients, concluded that 
“Th e  present evidence indicates that therapeutic activities need to be associated w ith  
an adequate dose o f goal-directed functional activities.” (p. 5).
Th e  use o f these rehabilitation strategies invo lving goal-based movements is  
predicated on the patient retaining at least some residual movement in  the affected 
lim b. T h is  is  not always the case and many patients are unable to participate in  
therapies such as C IT  due to poor residual m otor performance (S te rr et al., 2006). In  
the case where patients are unable to perform  movements, techniques such as passive 
movement o f  the lim b have not been as beneficial as C IT  therapy, which Sharma et 
al. (2006) suggest as “ ...supporting a key role fo r voluntary drive in  m otor learning 
and neuro-rehabilitation.” (p. 1942). A  suggested way o f  addressing the problem o f  
rehabilitation in  patients w ithout su ffic ient m otor ability has been to use imagination 
or observation o f  movement in  place o f overt execution.
In  the ir review o f  the use o f m otor imagery as a means o f im proving functionality o f  
the impaired lim b w ithout overt movement, Sharma et al. (2006) demonstrated that 
some studies have shown positive effects o f  motor imagery on m otor recovery. 
However, they expressed caution in  the drawing o f any general conclusions due to 
the heterogeneity o f  methodologies employed in  the research. S im ila rly , although a 
theoretical argument is  put fo rth  fo r the use o f movement observation as a fo rm  o f  
upper lim b rehabilitation in  the review o f Pomeroy et al. (2005), they point out that 
no evidence is  yet available from  the study o f  stroke patients using th is  method. Th e  
important point that emerges from  both o f  these review articles is  that the use o f  
m otor imagery and observation as clinical tools fo r rehabilitation requires a fu rther 
understanding o f the mechanisms by w hich these modes o f  movement activate areas
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associated w ith  overt execution. Part o f  the reason fo r th is is  that lesions in  motor 
areas may affect specific aspects o f  m otor function d iffe rently  according to the lesion  
site. F o r example, a lesion affecting premotor cortical areas may resu lt in  disruption  
o f high-level preparatory aspects o f  movement rather than low-level muscle function  
(see 1.4.1 Organisation o f  the human motor system). A  fu lle r understanding o f  
sim ila ritie s in  neural activation between overt movement, m otor imagery and 
movement observation w il l  provide the theoretical framework necessary to assess the 
efficacy o f these alternative modes o f movement in  rehabilitation and training.
1.9.2. Summary o f  experimental chapters
Th e  experimental w ork in  th is  thesis is  divided into three chapters:
Chapter Tw o  reports an in itia l study (Study 1) involving overt executed movements 
designed to establish a suitable implementation o f the S 1-S 2 response-priming 
paradigm o f Rosenbaum &  Ko rnb lum  ( 1982) fo r use in  addressing the research aims 
o f th is  thesis. Th e  study was designed w ith  two main aims. F ir s t ly ,  Study 1 assessed 
the impact o f  the inclusion o f a control (rest) condition on the typical prim ing effects 
observed in  the S 1-S 2 paradigm. A  control condition, representing a passive viewing  
o f the experimental stim u li, is  important in  the study o f m otor imagery and 
observation where effects o f  advance inform ation in  the response-priming paradigm 
are not well-established. However, i t  is  necessary to establish that inclusion o f  a 
control condition does not interfere w ith  the prim ing effects on m otor preparation 
that are under investigation. Th e  second aim o f Study 1 was to assess the 
contribution o f  attentional and motor-related processing elicited by a prime fo r 
response hand (le ft or right) to lateralised foreperiod activity in  th is  paradigm. Th e  
use o f high-density E E G  allows detailed analysis o f  th is  activity using dipole source 
analysis (see 1.10 EEG  theory). Th e  model o f  th is activity, which includes the time- 
course and source locations o f  the individual components, was subsequently used as 
the basis fo r a comparison o f preparatory activity p rio r to executed, imagined and 
observed movements.
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Chapter Th ree  reports two studies designed to compare the effects o f  advance 
in form ation on activity p rio r to executed and imagined movements. Study 2 used a 
near-identical experimental design, to that o f  Study 1 w ith  the addition o f tria ls  where 
movements are imagined instead o f  executed. Th e  aim o f th is  study was to compare 
the effects o f provid ing advance movement inform ation on preparatory activity in  a 
m otor execution and imagery context. T h is  study was intended to incorporate a 
comparison o f  lateralised activity based on the model developed in  Study 1, however 
Study 2 highlighted a number o f  methodological problems associated w ith  the 
inclusion o f imagination tria ls  that compromised th is analysis. These methodological 
issues were addressed in  a subsequent study, Study 3 , which again aimed to compare 
preparatory activity p rio r to executed and imagined movements. Whereas Study 2 
used s w ift  button-presses as responses, Study 3 investigated activity related to 
production o f extended sequential finger-thum b oppositions (on the le ft or right 
hand) that were classed as either simple or complex. These more e ffo rtfu l responses 
were intended to improve the likelihood o f participants engaging in  the imagination 
task. T h is  design led to two main aims o f  Study 3 . Th e  f ir s t  aim was to compare the 
effects o f  providing inform ation about movement type (simple or complex) on 
preparatory activity in  the two modes o f movement. Secondly, response hand (le ft or 
right) was primed in  the same way as Study 1 meaning that dipole source analysis o f  
lateralised foreperiod activity, based on the model from  Study 1, was possible in  both 
an execution and imagination context. Th e  second aim o f Study 3, therefore, was to 
provide a detailed comparison o f  both attentional and m otor preparatory activity  
p rio r to production o f  an executed or imagined response.
Chapter Fo u r reports a fin a l study, Study 4 - a follow-up study to Study 3, employing 
an identical design but requiring participants to observe performance o f the 
appropriate movements via on-screen video playback. T h is  study provided the means 
to address the same aims as Study 3 but in  the context o f  a comparison o f  executed 
movements w ith  observed movements.
1.10. EEG theoiy
Th e  experiments in  th is  thesis all make use o f high-density E E G  recordings to study 
brain activity during task performance. T h is  section b rie fly  discusses the 
electrophysiological basis o f  E E G  as a reflection o f underlying neural activity and 
describes the various methods that are employed in  the analysis o f  E E G  data in  th is  
thesis.
1.10.1. Generation o f  EEG  scalp potentials
E E G  potentials measured at electrode sites on the scalp reflect the fie ld  potentials 
generated by large neuronal populations in  the brain. A  single neuron does not 
generate a su ffic ient electrical current to be measured by scalp electrodes. Instead, 
the E E G  is  thought to predominantly reflect the summation o f  post-synaptic 
potentials generated by cortical assemblies o f  pyramidal cells. Th e  reason fo r th is  is  
that the pyramidal cells in  the cortex are largely arranged in  an ordered orientation, 
perpendicular to the cortical surface. T h is  arrangement allows fo r the linear 
summation o f fie ld  potentials generated by each individual cell. Th e  combined 
current flo w  generated by these post-synaptic potentials is  measurable at the scalp 
due to volume-conduction through the head. T h is  current f lo w  may either represent 
largely excitatory (negative charge) or inh ib ito ry  (positive charge) activity w ith in  a 
cluster o f  cells f ir in g  simultaneously. Th e  advantageous alignment o f  pyramidal cells 
in  superficial layers o f  the cortex, coupled w ith  the ir p rox im ity  to the cortical 
surface, mean that activity in  deeper brain areas (e.g. sub-cortical structures such as 
the basal ganglia and hippocampus) contributes fa r less to the E E G  scalp signal.
1.10.2. Event-related potentials (ERPs)
E E G  measured at the scalp represents the combined current f lo w  generated by all 
simultaneously active neural populations, largely in  superficial cortical areas. Often  
i t  is  useful to examine E E G  potentials associated w ith  a particular experimental event
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(such as the presentation o f  a stim ulus, or the in itia tion  o f a response). Measured at 
the scalp, however, the activity evoked by the event is  combined w ith  spontaneous, 
ongoing activity that is  independent o f  the event. In  analysis o f  the E E G  data, th is  
background activity is  termed as ‘noise’ , whereas the portion o f the potentials evoked 
by the experimental event is  termed the ‘ signal’ . Calculating event-related potentials 
( E R P s )  is  a technique used to enhance the signal-to-noise ratio in  the E E G  recordings 
and yield activity evoked by the event occurrence. T h is  calculation requires the 
recording o f  many individual tria ls in  which the same experimental event occurs. Th e  
activity associated w ith  the event is  considered to be time-locked to the event w h ils t, 
in  contrast, the background activity is  considered independent o f  the tim ing o f the 
event. B y  calculating the average time-locked potential across all individual tria ls  the 
event signal is  linearly summed, w h ils t the background noise is  reduced due to its  
lack o f  coherence in  each tria l. Increasing the number o f  tria ls increases the signal- 
to-noise ratio in  the average data and recording a suffic ient number o f  tria ls to 
produce a detectable signal is  one o f the considerations o f  E R P  research. Although  
th is  figure is  not absolute and is  dependent upon the characteristics o f  the E R P  
components under analysis, i t  is  generally recommended that at least 50 tria ls per 
condition are included in  the grand average (Luck, 2004),
1.10.3. Event-related desynchronisation/synchronisation (ERD/ERS)
In  addition to changes in  the E E G  signal related to transient post-synaptic responses 
in  pyramidal neurons, analysis o f  rhythm ic components o f  the E E G  signal can 
provide an insight into underlying neural activity. Frequency analysis o f  spontaneous 
E E G  recordings typically reveals rhythm ic activity in  particular frequency bands. F o r  
example, oscillatory activity in  the range o f  8-12  H z  (named the alpha rhythm ) can 
be observed at posterior electrode sites (located over the v isua l cortex) when a 
participant is  relaxed and has the ir eyes closed. T h is  alpha rhythm  disappears (or is  
‘blocked’) when the participant opens the ir eyes and engages in  a task (Schaul, 
1998). T h is  rhythm ic activity (and subsequent blocking) is  thought to reflect an 
underlying synchronisation (and subsequent desynchronisation) o f  the activity o f  
neuronal populations (see Pfu rtsche lle r &  Lopes da Silva , 1999).
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In  a s im ila r manner to E R P s ,  these changes in  oscillatory activity can be analysed 
time-locked to an experiment event to reveal changes in  underlying cortical 
synchrony induced by the experimental task. These changes are measured as 
increases or decreases in  the power o f  particular frequency bands in  the E E G  signal 
w ith  respect to a baseline rest period. A  decrease in  power is  termed event-related 
desychronisation ( E R D )  and an increase in  power event-related synchronisation 
( E R S ) .  W ith  particular relevance to th is  thesis is  the find ing that a typical pattern o f  
E R D / E R S  can be observed when participants perform  movements, particularly  
movements w ith  the hand. These changes occur in  the alpha ( - 8-12  H z )  and beta 
( - 15-25  H z )  frequency bands and are observed at central electrode sites overlying  
the sensorim otor cortices. Th e  alpha activity in  the context o f  motor-related 
processing is  often referred to as the m u rhythm . Th e  typical pattern is  that an E R D  
in  the mu and beta frequency range develops p rio r to and during movement followed  
by a post-movement E R S  in  the beta range. E R D  elicited by m otor tasks has been 
associated w ith  the functional recruitment o f  neural populations in  sensorim otor 
areas (Leocani et al., 2001 ; Sa lm elin et al., 1995) w h ils t E R S  has been interpreted as 
reflecting a resetting o f  cortical networks or cortical id ling  (Pfurtscheller et al., 
1996).
E R D / E R S  provides a complementary analysis o f  electrophysiological activity to that 
o f E R P s  as both techniques reflect d iffe ring  aspects o f  event-related cortical 
activation. W h ils t  E R P s  reflect an immediate evocation o f transient post-synaptic 
activity associated w ith  a particular event, E R D / E R S  changes are slow er to develop 
but more suited to studying activation o f  neural populations that is  sustained over 
time.
1.10.4. Dipole source analysis
E R P  and E R D / E R S  analyses are useful fo r assessing the effects o f  experimental 
tasks on underlying neural activity by revealing changes in  potentials recorded at 
scalp electrodes. In  appropriately designed experiments, i t  is  assumed that a large
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part o f  the event-related signal at particular latencies can be accounted fo r by activity  
in  specific brain areas. Ideally, analysis o f  the topography o f  electrical activity 
recorded from  m ultip le  electrode sites on the scalp would yield the anatomical 
location o f  the various underlying neural clusters (or generators) that are active. 
Unfortunate ly, measuring the d istribution  o f electrical activity at the scalp means that 
identification o f  these neural generators is  compromised by the so-called ‘ inverse  
problem’ .
Th e  inverse problem describes the fact that any given scalp d istribution o f activity  
can be accounted fo r by an in fin ite  combination o f an unknown number, orientation 
and strength o f underlying generators w ith in  the volume o f the brain. Therefore  th is  
problem has no mathematically unique so lution and the only way to solve the 
problem is  to place constraints upon the solution. A  simple way to appreciate the 
inverse problem is  to imagine being presented w ith  the number 20 and being asked to 
determine which two sm aller numbers were m ultip lied together to yield th is  result. 
There  is  no mathematically unique so lution to th is  problem and a so lution can only  
be found by constraining the answer (e.g. one o f  the smaller numbers is  4). A lthough  
the E E G  inverse problem cannot be entirely constrained in  th is  way, recent analysis 
techniques have been developed to obtain the best possible so lution to the problem.
One o f these techniques, employed by the studies in  th is  thesis, is  known as dipole 
source analysis or dipole source modelling. T h is  technique relies on the fact that 
although underlying generators o f  a particular scalp d istribution cannot be uniquely  
determined the opposite is  not true. Given one or m ultip le known generators o f  
electrical current w ith in  a volume, the corresponding electrical d istribution at the 
volume surface is uniquely determined. T h is  is  known as the ‘ forward so lu tion ’ . In  
dipole source analysis, the summation o f  electrical current generated by a cluster o f  
cortical cells is  modelled by what is  termed an equivalent dipole current vector. T h is  
equivalent dipole models the location and orientation o f  the generated electrical 
current (see Figure  1-9). T o  calculate the forward so lution one or many o f  these 
dipoles are modelled w ith in  a spherical volume approximating the head and the 
corresponding scalp topography is  determined. Comparing the calculated topography
57
negative
Figure 1-9. Example o f an equivalent current dipole representing activation o f a cluster o f neurons. 
(A) The location and orientation o f the modelled current source (in red) is shown in a standardised 
fM R I brain image from both the left side and top views. The direction o f current flow is indicated 
with thick blue arrows and the corresponding negative and positive electrical foci at the scalp are 
indicated. (B) The two electrical foci shown as a scalp distribution calculated by B E S A  software using 
the forward solution and projected onto a realistic head surface.
to the original E E G  topography recorded from  scalp electrodes provides a measure o f  
how good a f it  the dipole model is  to the recorded data. T h is  comparison yields a 
residual variance in the E E G  signal that is  unaccounted fo r by the model. Th e  lower 
the residual variance, the more closely matched are the topographies from  the 
original recording and the model. Software such as B ra in  Electromagnetic Source 
A nalysis ( B E S A ,  www.besa.de) provide the means to iteratively f i t  dipoles to a given 
recorded d istribution u n til the residual variance is  minimised.
D ipole source analysis is  a useful methodology fo r modelling sources o f  electrical 
activity in  the brain based on recorded E E G  data, however it  is  important to note that 
the are a number o f  considerations to take into account when making use o f  th is
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technique. F ir s t ly ,  the amount o f  residual variance in  the data after the model is  
applied cannot be used as the sole indication o f  having achieved the m ost like ly  
forward solution. Th e  addition and iterative fittin g  o f  more and more dipoles w ill  
continually improve the mathematical f i t  o f  the model. However, th is  does not 
necessarily correspond to a reasonable model based on brain anatomy. T h is  
highlights the second caveat in  the use o f  dipole source analysis - that i t  m ust be 
based on p rio r anatomical knowledge o f  areas like ly  to be activated during the 
experimental task. F o r example, in  a study w ith  auditory stim u li i t  would be 
reasonable to assume that activation in  the auditory cortex would be elicited and a 
model that localised a source to th is area o f  the brain is  to be favoured over one that 
is  a better f i t  mathematically but is  anatomically unlikely. D ipole source analysis is  
best used, therefore, when studying well-established E E G  components that are 
known to be elicited by specific aspects o f  a task and are linked to activation in  
particular areas o f  the brain. A  th ird  consideration is  that signal-to-noise ratio in  the 
recorded data used when fittin g  the model m ust be as high as possible. T h is  makes it 
very d iffic u lt to model data from  individual recordings and i t  is usually grand 
average data across a number o f  participants that is  used in  dipole source analysis. A  
fina l consideration is  that sources that are located superficially (close to the volume 
surface) can be fitted more re liably than sources located more deeply. Therefore  
caution should be used in  modelling sources o f  activity in , fo r example, sub-cortical 
structures.
Provided all these considerations are accounted fo r, dipole source analysis provides a 
useful means o f  assessing putative neural generators o f  activity recorded using E E G .  
Rather than focusing on activity at specific electrode sites, e.g. in  traditional E R P  
analysis, th is  technique makes use o f the fu ll  array o f  data recorded -  a strategy 
particularly served by high-density electrode layouts such as the configuration used 
in  the experiments reported in  th is  thesis (see Appendix A).
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C h a p t e r  T w o :  E s t a b l i s h i n g  a  p a r a d ig m  f o r  i n v e s t i g a t i n g  
m o t o r - r e l a t e d  a n d  a t t e n t i o n a l  p r e p a r a t o r y  a c t iv i t y
2.1. Introduction
T h is  chapter reports an in itia l Study (Study 1) that establishes a suitable 
implementation o f  the S 1-S 2 response-priming paradigm o f Rosenbaum &  Kornb lum  
( 1982) fo r addressing the research aims o f th is  thesis. Th e  Rosenbaum paradigm 
provides a fram ework fo r examining the experimental effects o f  p rio r warning that a 
particular response w il l  sho rtly  be required. S I  (prime) in fo rm s the participants about 
aspects o f  the upcoming movement (e.g. which hand to use) and S 2 (response cue) 
subsequently cues the movement execution. Behaviourally, shorter reaction tim es 
( R T s )  are elicited in  tria ls  where the movement is  correctly primed (valid tria ls)  
compared w ith  incorrectly primed (invalid  tria ls) -  known as the va lid ity  effect 
(Rosenbaum &  Kornb lum , 1982). T h is  R T  advantage has been attributed in  part to 
preparatory processing during the S 1-S2 interval (the foreperiod) in  cortical motor 
areas (Dassonville  et al., 1998; Deiber et al., 1996; Lee et a l,  1999; Leuthold  &  
Jentzsch, 2002).
In  order to assess preparatory activity during the foreperiod the present study makes 
use o f high-density E E G  recordings. Fo llo w in g  S I  presentation a ris in g  cortical 
negativity known as the contingent negative variation (C N V ) is  observed over 
centroparietal scalp locations (W a lte r et al., 1964). M odulations in  C N V  amplitude 
w ith  p rovision o f  advance movement in form ation have been shown to relate to 
behavioural indices o f  performance in  the S 1-S2 response task (U lr ic h  et a l, 1998). 
I t  is  thought that the C N V , at least in  part, indexes the degree o f m otor preparation 
occurring in  the foreperiod as a resu lt o f  the advance inform ation provided by S I  
(Cui et al., 2000a; Leuthold  &  Jentzsch, 2001 , 2002) and that th is  preparatory 
activity contributes to performance benefits measured behaviourally.
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In  addition to m otor preparation, the C N V  also captures general activity related to 
the task such as expectancy o f  the upcoming stim ulus (van Boxte l &  Brun ia , 1994). 
Therefore, in  the response-priming paradigm, a control condition involving the 
participant passively view ing the s tim u li presentation is  sometimes used as a 
comparison w ith  conditions that prime a response. In  the context o f  the research aims 
addressed in  th is thesis a control condition is  important because, unlike movement 
execution, the effects o f  advance inform ation on preparation fo r m otor imagery and 
observation are not well-established. I t  is  therefore critical to be able to d istinguish  
any effects relating to in form ation about movement contained in  the prime stim ulus 
from  that o f  general activity related to the task paradigm.
Control tria ls  are often recorded in  a continuous block separate from  the main 
experiment where participants rest and sim ply watch the stim ulus presentation on­
screen (Cui et al., 2000a; Cunnington et al., 1996; Deiber et al., 2005). Th e  f ir s t  aim  
o f the present study was to assess the impact o f  the inclusion o f  a control condition 
(prim ing no-response) that, rather than being recorded separately, is  intermingled  
w ith  conditions prim ing movement. Th e  rationale fo r using a control condition that is 
interspersed w ith  movement conditions is  to provide an accurate representation o f  
activity associated w ith  the task paradigm in  general, such as stim ulus expectancy. In  
the present study, prim es provid ing d iffe ring  advance movement in form ation are 
presented in  a random order (see 2.3.2 Experimental design). I t  could be argued, 
therefore, that a control condition recorded in  a separate continuous block would not 
be fu lly  representative o f  a rest condition in  the present study. F o r example, when an 
entire block o f tria ls  is  known in  advance by participants to be a rest block there may 
be less incentive to stay vig ilant to the stim ulus presentation. Successful use o f a 
control condition that is  interspersed w ith  conditions prim ing a response, however, is  
contingent upon inclusion o f th is  condition not interfering w ith  the well-established 
prim ing effects o f  advance movement inform ation. A  previous behavioural study 
(Ste rr, 2006) established that reaction time effects in  the response-priming paradigm 
such as the valid ity  effect are unaffected by the presence o f a control condition. Th e  
present study aimed to replicate these behavioural find ings and to fu rthe r test that use 
o f a control condition does not interfere w ith  typical prim ing effects on foreperiod 
C N V  as detailed below.
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Th e  present study used fo u r types o f prime stim u li (Table 2- 1). Tw o  fu lly  
in form ative primes ( L H  and R H )  provided advance inform ation about the hand w ith  
which to respond (le ft or right). A n  uninform ative prime (U N )  provided no 
in form ation about response hand but indicated that a response was required. F in a lly , 
a no-response prime (NO ) indicated that no response was required. Th e  N O  
condition was intended to act as the control condition representing a passive view ing  
o f the task stim u li. I t  was predicted in  line w ith  previous find ings (U lr ic h  et al., 
1998) that foreperiod C N V  amplitude w ill  be greater in  the tw o inform ative  
conditions compared w ith  an uninform ative condition. In  the uninform ative  
condition (w ithout knowledge o f  response hand) i t  was hypothesised, in  line w ith  
m otor programming theory (see Chapter One), that only abstract preparation related 
to producing the required response can occur. In  the inform ative condition, when the 
response hand is  known, both abstract and hand-specific preparation is  available in  
advance, reflected by an enhanced foreperiod C N V . In  the no-response condition it  
was hypothesised that both abstract and specific motor preparatory activity would be 
absent, leading to the prediction that C N V  amplitude would be reduced in  
comparison to the uninform ative condition.
In  addition to using E E G  data to investigate the effects described above an advantage 
o f providing advance inform ation about response hand is  that lateralised activity in  
the C N V  can be calculated using the lateralised readiness potential ( L R P ) .  T h is  takes 
advantage o f the contralateral organisation o f the m otor cortex to reveal hand- 
specific activity associated w ith  one particular response only. Th e  L R P  is  calculated 
by subtracting ipsilateral from  homologous contralateral sites in  le ft and rightward  
tria ls and subsequently averaging subtracted waveforms (Coles, 1989). D ipole source 
analysis o f  the foreperiod L R P  has revealed a lateral source anterior to the central 
sulcus interpreted as m otor preparatory activity in  the premotor cortex (PM C )  
(Leuthold &  Jentzsch, 2001 , 2002). T h is  is  in  accord w ith  neuroimaging studies o f  
m otor preparation (Deiber et al., 1996), epicortical recordings (Matsumoto et al.,
2003) and single-unit recordings in  primates (Boussaoud, 2001).
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Th e  L R P  calculation is  not restricted to m otor activity but reveals any lateralised 
activity associated w ith  a le ft or rig h t hand response. A s the L R P  is  traditionally used 
to refer specifically to motor-related potentials, the term  E R L  (event-related 
lateralisation) is  used to refer to lateralised potentials more generally. In  studies 
where S I  covertly directs attention to the le ft or rig h t hem ifield, two E R L  
components have consistently been found (E im e r &  D rive r, 2001 ; Nobre et al., 2000 ; 
Praamstra et al., 2005). These components are referred to as A D A N  (anterior 
directing-attention negativity) and L D A P  (late directing-attention positiv ity). Th e  
A D A N  is  characterised by a frontocentral contralateral negativity ~ 300-600ms post- 
S 1 and the L D A P  by an occipitotemporal contralateral p o sitiv ity  ~ 500-900ms post- 
S l .  Recently, Praamstra et al, (2005) revealed sources fo r these components in  the 
region o f  the lateral P M C  (A D A N ) and middle occipital gyrus ( L D A P ) .  Th e  
localisation o f  attentional A D A N  activity in  the premotor cortex may at f ir s t  seem 
surprising, but s im ila r find ings have been demonstrated in  neuroimaging studies o f  
spatial attention (Hopfinger et al., 2000 ; Rosen et a l,  1999; S im on et a l,  2002). 
These resu lts are consistent w ith  the premotor theory o f  attention (R izzo la tti et al., 
1987) which supposes that shared sensorim otor mechanisms underly sh ifts  o f  
attention and selection/programming o f  a m otor response (see also E im e r et al., 
2005).
A D A N  and L D A P  attentional E R L  components have recently been observed in  
unimanual response tasks w ith  central cues ( fo r a le ft or rig h t hand response) and no 
explicit sh ifts  o f  attention (E im e r et al., 2005 ; van der Lubbe et a l,  2000 ; Verleger et 
al., 2000). Th e  presence o f  these components despite the absence o f  explicit attention 
sh ifts  suggests that processes relating to attention and response preparation are 
closely linked. Th e  second aim o f  Study 1 was therefore to separate the contribution 
o f attentional and m otor preparation activity to the foreperiod E R L  using dipole 
source analysis o f  high-density E E G . Th e  rationale fo r th is analysis is  to provide a 
detailed model o f  the time-course and source locations o f lateralised foreperiod 
components to subsequently be used as the basis o f a comparison o f  preparation fo r 
executed, imagined and observed movements.
2.2. Study aims
Study 1 had two main research aims:
• Assess the v ia b ility  o f  using a control condition representing passive viewing  
o f the experimental paradigm that is  interspersed w ith  conditions prim ing  
movement. I t  was hypothesised that key effects o f  advance inform ation  
described in  the response-priming literature, in  terms o f  both behavioural and 
electrophysiological measures, w i l l  be replicated in  the presence o f the control 
condition. Specific in form ation about predicted effects is  provided above.
• Separate the contribution o f spatial attention and m otor preparatory processing 
to lateralised foreperiod activity elicited by a prime providing advance 
in form ation about response hand. I t  was hypothesised in  line w ith  previous 
w ork that a prime fo r a response w ith  the le ft or rig h t hand would e lic it 
lateralised attention-related E R P  components in  addition to motor-related 
activity. D ipole source analysis was used to produce a combined model o f  
lateralised activity elucidating putative neural generators o f  attention and 
motor-related components.
2.3. Methods
2.3.1. Participants
Sixteen students, seven males and nine females (mean age 29 .4 , sd 9 .9), all right- 
handed (mean handedness quotient 92 .7 , (O ldfield, 1971) ), participated in  a single  
E E G  recording session lasting two hours. Participation was rewarded w ith  a course 
credit o r paid at £ 5/hr. Th e  study was approved by the U n iv e rs ity  o f  Surrey Eth ics  
Committee and inform ed w ritten  consent was signed p rio r to participation. A l l  
participants had normal o r corrected-to-normal v ision.
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2.3.2. Experimental design
Th e  study used a response-priming paradigm in  which one o f fou r prime stim u li (le ft 
« ,  rig h t » ,  uninform ative o  or no-response >< ) was followed by one o f three 
response cues (le ft button press L H ,  rig h t button press R H  or no-response N O ). Th e  
le ft and rig h t primes together formed the inform ative condition. In  the inform ative  
and no-response condition, the probability that the prime would correctly predict the 
upcoming response (valid tria ls) was 93%  w ith  invalid tria ls  sp lit evenly between the 
two alternative responses. Th e  uninform ative condition was not predictive and the 
chance o f each response alternative occurring was equal (33% ). Th e  prime/response 
cue combinations are summarised in  Table 2 -1. Th e  experiment was divided into  
eight blocks o f  120 tria ls , which appeared in  random order, observing the 
prime/response likelihoods as stated above. S tim u lus presentation and experimental 
control were implemented using the Experim ental Runtim e System  ( E R T S )  and 
E X K E Y  Log ic  (B e riS o ft Cooperation; http://www.erts.de) .
2.3.3. Stimuli
Prim es consisted o f  two directional arrows and response cues o f two letters 
(described above) displayed in  white on a black background. Fo n t size was 
controlled such that the two s tim u li were the same size ( 1.15° wide by 0 .92° tall). 
Participants sat at a view ing distance o f 50cm from  a 19” screen. S tim u li were shown 
in  the centre o f  the screen to prevent horizontal eye movements. Responses were 
executed w ith  the le ft or rig h t index finger, using the outer buttons o f the standard 
E X K E Y  response pad ( 16cm apart). Participants were asked to respond as quickly 
and accurately as possible.
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Condition Prim e Response T r ia ls  / block To ta l tria ls %
L H
informative
«
L H 28 224 93.3
R H 1 8 3.3
NO 1 8 3.3
R H
informative
»
R H 28 224 93.3
L H 1 8 3.3
NO 1 8 3.3
UN
uninformative
o
R H 10 80 33.3
L H 10 80 33.3
NO 10 80 33.3
NO ><
NO 28 224 93.3
R H 1 8 3.3
L H 1 8 3.3
Table 2-1. Prime/response cue stimulus combinations used in the experimental design.
2.3.4. Procedure
Data collection was conducted in  a recording booth (2.5 x  3 .5m) that was d im ly lit.  
Th e  experiment was divided into a tra in ing and main session.
D u ring  tra ining participants were presented w ith  a series o f  s ix  tria ls  o f  each type in  
fixed order to fam ilia rise themselves w ith  the tria l sequence. These tra ining tria ls  
were repeated u n til participants gave the correct response to each tria l. Th e  training  
was followed by the eight-block main experimental session. Between blocks the 
experiment was paused automatically and resumed by the participant when they were 
ready. Participants were given the ir percentage o f  correct responses at th is stage as 
feedback.
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Figure 2-1. Example trial sequence (valid, left-hand response trial).
T r ia ls  started w ith  an empty black screen. A fte r 500ms the prime was presented fo r 
150ms, followed by another 1150ms o f empty black screen. Th e  response cue was 
then presented and le ft v isib le  u n til a response was registered or u n til 1200ms post 
response cue (th is was necessary fo r the no-response condition). A fte r the response 
was registered (or at the end o f the response window) feedback was displayed fo r 
200ms ( ‘correct’ , ‘w rong’ or ‘wrong -  no response required!’). Furtherm ore, i f  
participants responded before or during a 200ms interval after the response cue then 
‘too early !’ was shown in  blue (to prevent anticipations). A fte r the feedback (or the 
end o f the response w indow) the screen turned grey fo r 900ms to signal the end o f  
the tria l and to allow participants to b link  and move the eyes. Th e  sequence o f events 
is  shown in Figure 2- 1. Participants were requested to keep the ir eyes on the centre 
o f the screen and not to b link  during stim ulus presentation. Participants were warned 
o f the temptation to glance at the response hand and practiced keeping their eyes 
centrally fixated during the tra ining session. In  addition, participants were monitored 
via camera and EO G  signals inspected online fo r signs o f  eye movements.
2.3.5. Electrophysiological recording and processing
Electroencephalographic (E E G )  signals were continuously recorded from  Ag/AgCl 
electrodes using a 64-channel QuickAm p am plifier (B ra in  Products; 
http://www.brainproducts.com). Electrodes were positioned according to the
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international 10-10 system (see Appendix A ). Vertical (V EO G ) and horizontal 
(H EO G ) electrooculographic signals were recorded bipolarly using electrodes above 
and below the le ft eye and fro m  the le ft and righ t outer canthi, respectively. 
Electrodes were recorded against an average reference calculated by the am plifier 
hardware. E E G  and EO G  recordings were sampled at 500H z  and recorded in  D C  
mode. Electrode impedances were kept below 5kOhm. Data was analysed o ffline  
using B ra in V is io n  Analyser (B ra in  Products; www.brainproducts.com) software. 
O nly tria ls  w ith  correct responses were included in  the E E G  analysis. Th e  data was 
digita lly filte red (25H z  low-pass phase shift-free Bu tte rw o rth  f ilte r  and 50H z  notch 
filte r)  and eye-related artifacts were removed using IC A  analysis (Jung et al., 2000). 
Th e  data was segmented into condition-specific epochs o f  200m s p re -S l to 800ms 
post-S2 . Individual segments were artifact rejected using a 20 p V  maximum  
step/sample, 250pV  maximum segment difference and 0 .5p V  m inim um  activity  
criteria on all electrodes. Epochs were averaged and baseline-corrected (using the 
f i r s t  200ms o f the epoch) to yield stimulus-locked (foreperiod) E R P s  fo r each 
condition. Lateralised potentials ( E R L s )  were calculated using a two-step calculation 
(cf. Coles, 1989). F ir s t ly ,  activity at electrodes sites ipsilateral to the response hand is  
subtracted from  that o f  homologous electrodes on the contralateral side. T h is  
difference waveform represents asymmetric activity fo r one hand. Secondly, the 
difference waveforms fo r each pair (e.g. C3/C4) are averaged across le ft and rig h t 
tasks to remove asymmetric activity that is  common to the two conditions. Th e  
resulting average waveform  captures only activity that is  specific to a particular 
response hand.
2.3.6. Data analysis
Behavioural data ( R T  and %  correct tria ls) was averaged across tria l types and 
analysed using two-way A N O V A s  (condition x  hand) and post-hoc two-tailed t-tests. 
Foreperiod C N V  was statistically analysed using mean amplitudes pooled from  
fifteen electrode sites ( F C 1-4 , FC z , C l- 4 , Cz, CP 1-4 , C Pz). These sites were chosen 
a p rio ri as electrodes ly ing  over sensorim otor areas (see Appendix A ). Tw o  300ms 
time w indows were selected fo r analysis: early (700-1000m s p o s t-S l)  and late ( 1000-
1300ms p o st-S l) . Selection o f the two tim e w indows was based on visual inspection 
o f the grand average C N V  (Figure  2 -3). A  two-way repeated-measures A N O V A  
(condition by time) assessed mean C N V  amplitude differences in  these windows. 
E R L  data was statistically analysed using mean amplitudes across selected time  
w indow s pooled from  electrode clusters at three d ifferent sites: anterior ( F 3/4 , F 5/6 , 
F C 3/4 , F C 5/6), central (C3/4 C5/6, C P3/4 , C P5/6) and posterior (P 0 3 /4 , P 5/6 , 
P 0 7 /8, 0 1 /2). Electrode clusters were based on electrical foci o f  d istribution o f  E R L  
components (Figure  2-4). T im e  w indow s were selected as 100 ms intervals around 
component peak activity (Figure  2-4 and Figure  2-5): A D A N  (450 to 550ms post- 
S l ) ,  L D A P  (600 to 700ms p o s t-S l)  and motor-related (-100 to 0m s pre-S2). A  three- 
way A N O V A  (condition by site by w indow) and contrast t-tests assessed amplitude 
differences between inform ative and uninform ative conditions. Topographical 
differences were analysed by defining a 4 x  4 grid over the frontocentral scalp 
specifying electrode X  (medial-lateral) and Y  (anterior-posterior) positions. A  three- 
way A N O V A  (time by X  by Y )  compared the electrical d istribution o f  the A D A N  
and motor-related components. F o r topographical analysis, normalised data (using  
the vector-length method (W ild in g , 2006) ) was used to account fo r amplitude 
differences in  the two components. D ipole source X , Y  and Z  coordinates were 
compared w ith  separate one-tailed t-tests using the jackknife method (M ille r et al., 
1998) where sub-samples o f  average data were used to calculate the jackknife-based 
standard error, as described in  the results. In  all analyses, A N O V A s  were Huynh- 
Fe ld t adjusted as appropriate (corrected d .f.s reported) and post-hoc t-tests were 
B o n fe rro n i corrected.
2.3. 7. Source analysis
Source analysis was performed on the foreperiod E R L  data using the anti-symmetric 
method described by Praamstra et al. ( 1996). In  th is procedure, fo r each electrode 
pairing the data is  copied back to the original electrodes w ith  polarity reversed fo r 
one hemisphere. F o r example data from  the C3/C4 pairing is  assigned to C 3 and the 
inverted data assigned to C4 . T h is  resu lts in  anti-symmetrically distributed scalp data 
w ith  an improved signal-to-noise ratio o f  V2 . P r io r to source analysis o f the anti­
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symmetric data, the symmetry o f  the le ft and right-task difference waveforms was 
assessed by the fo llo w ing  means. A  single le ft m inus right-task subtraction was 
calculated and amplitude differences at homologous electrodes sites (e.g. C 3/C4) 
were statistically tested (paired t-test (cf. Oostenveld et al., 2003) ) across 
hemispheres and amplitudes at m idline sites tested fo r deviation from  baseline. A s  
these tests showed no significant asymmetry, the anti-symmetric data was used fo r  
the subsequent source analysis. Source models and waveforms were obtained using  
B ra in  Electromagnetic Source A na lysis software ( B E S A , version 5 .1; www.besa.de). 
A  four-she ll spherical head model (brain, sku ll, cerebrospinal flu id  and scalp) was 
used as an approximation fo r dipole fittin g . Source locations are described in  
Ta la irach-Tournoux coordinates. Th e  detailed process o f  deriving the foreperiod 
source model is  described in  the results.
2.4. Results
2.4.1. Behavioural data
Reaction tim es and %  correct tria ls  were compared across conditions and hands to 
confirm  that participants made use o f  an inform ative directional prim e to facilitate  
the ir response (Figure  2-2).
F o r R T s ,  a significant effect o f  response hand was found [ F ( l ,  15) =  5 .3 , p <  0 .05] 
w ith  right-hand responses being 14ms faster than left-hand responses. Post-hoc tests 
revealed th is  effect to be strongest in  the uninform ative condition [t(15) =  3 .7 , 
p <  0 .05] w ith  the difference in  the inform ative condition approaching significance 
(p =  0 .07). M o st im portantly there was a main effect o f  condition [ F ( 1.8, 27 .7) =
43 .6 , p <  0 .001] w ith  post-hoc t-tests revealing a significant condition pattern: 
inform ative <  uninform ative <  invalid  [ t s ( l,  15) >  5 .0, p <  0 .005]. T h is  indicates the 
use o f inform ation contained in  the prime to improve response speed in  the 
inform ative condition and at a cost o f  longer R T s  in  the invalid condition when 
incorrect inform ation is  provided.
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informative uninformative invalid no-response informative uninformative invalid no-response
Condition Condition
Figure 2-2. Mean reaction time (left) and percent correct trials (right) by condition and hand. Error 
bars show ±  1 standard error. Significant differences are marked at the 0.05 ( * )  and 0.005 ( * * * )  level.
For %  correct trials the effect of hand was insignificant but there was a main effect of 
condition [F(3, 17.2) = 10.1, p < 0.005]. Post-hoc t-tests revealed that this reflected a 
difference between invalid and both informative and uninformative conditions 
[ts(l, 15) > 3.1, p < 0.05]. This pattern of results indicates that a speed-accuracy 
trade-off explanation for the reduced response times may be rejected as the slowest 
condition (invalid) also showed the most errors.
2.4.2. C N V
During the foreperiod a slow-rising negativity peaking at S2 presentation was 
observed over central electrodes in all conditions (Figure 2-3). The two informative 
conditions (LH, RH) showed the greatest amplitude with the uninformative (UN) and 
no-response (NO) conditions showing less negativity respectively. At lateral sites, a 
clear contralateral preponderance was shown in the LH  and RH conditions with a 
reversal in the amplitude pattern in these conditions over the two hemispheres. This 
lateralisation was not demonstrated in the UN and NO conditions as expected (when 
response hand was not primed).
These observations were formally tested by calculating mean C N V  amplitude in the 
early and late time windows (see 2.3 Methods). Amplitude differences were tested 
with a two-way repeated measures A N O VA  with factors time (early, late) and 
condition (NO, UN, LH, LR). This revealed a significant effect of time
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[F(l, 15) =  38.8, p < 0.001] with amplitudes becoming more negative over time. 
There was also a main effect of condition [F(3, 45) = 17.2, p < 0.001] indicating that, 
across time windows, there were significant condition differences. Finally, there was 
a significant time by condition interaction [F( 1.9, 28.2) = 6.1, p < 0.01]. This reflects 
the difference in the rate of increased negativity over time between the conditions. 
Post-hoc t-tests revealed the pattern of condition differences in the early and late 
CN V. In both time periods the two informative conditions (LH, RH) showed a 
significantly higher amplitude than the other two conditions [ts(l, 15) > 3.5, p <  
0.05], whilst there was no significant difference between the UN and NO conditions 
in either time window (early: p = 0.51, late: p = 0.44).
S1 S2
[ms) 7004300 800-300 900-1000 1000-1100 1100-1200 1200-1300
0 200 400 600 800 1000 1200 1400 [ms]
 NO -- U N -------- LH --------  RH
Figure 2-3. A ) Grand average foreperiod C N V  at lateral site C3 and C4 and pooled over fifteen central 
electrode sites (FC1-4, FCz, C l -4, Cz, CP 1-4, CPz) in each condition. Shaded bars indicate two 
300ms time windows selected for formal analysis o f early and late C N V . B) Topographical maps from  
100ms windows during the early and late C N V  projected onto a realistic head surface for each 
condition. Scale is 0.5pV/step.
tyv
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The similarity between the NO and UN conditions is an unexpected finding, since it 
was predicted that priming a movement, albeit with an uninformative cue, would 
lead to motor-related preparatory activity reflected in a C N V  amplitude over and 
above that of the NO condition. A  prime for movement has typically been shown to 
invoke a larger C N V  prior to movement onset than a rest condition involving 
watching stimuli but no movement (Cui et al., 2000a; Cunnington et al., 1996; 
Deiber et al., 2005). Possible reasons for this disparate finding in the present study 
are elaborated upon in the discussion section.
The topographical maps in Figure 2-3 show the hemispheric lateralisation in the 
informative conditions indicated by the C3 and C4 electrode traces. The RH  
condition shows a clear left-hemisphere (contralateral) preponderance whilst the LH  
condition shows the opposite pattern, particularly late in the foreperiod. The fact that 
the LH  condition does not show such strong lateralisation, especially earlier in the 
foreperiod, is a common finding in studies of sensorimotor activity in right-handers 
(Bai et al., 2005; Dassonville et al., 1997; Hlustik et al., 2002; Ziemann & Hallett,
2001). These studies showed that, despite an obvious contralateral preponderance, 
there is a general bias towards the dominant hemisphere (the left hemisphere in right­
handers) when making movements with either hand. This is reflected in the present 
study with a more bilateral pattern of activity when responding with the non­
dominant hand, although the asymmetry in the foreperiod was not a significant effect 
(see 2.3 Methods).
2.4.3. Lateralised potentials
For the purposes of examining lateralised potentials, LH  and RH  conditions are 
considered together to be the informative condition. Lateralised potentials during the 
foreperiod were calculated for left and right-hand responses in informative and 
uninformative trials using a two-step calculation (see 2.3 Methods).
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Figure 2-4. Scalp distributions o f the three lateralised foreperiod components. Shaded bars on the 
timeline indicate 100ms windows around the peak activity o f each component. Average topographical 
maps were produced using BrainWorks Vision Analyser by spherical spline-interpolation. Note: Only 
the left-side head map is shown as the right-side is identical save for a reversed polarity.
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Figure 2-5. Waveforms and latencies o f foreperiod lateralised components. (A ) ERL waveforms 
pooled over four (from top to bottom) anterior, central and posterior electrodes as shown in the 
electrode layout. Superimposed are the informative and uninformative conditions. (B ) Average 
waveforms from representative pairs o f electrodes (F5/6, CP3/4, P 07 /8 ) from which the ERL was 
calculated. Superimposed are contralateral and ipsilateral activity from informative trials.
LDAP
S1
2Pv ADAN
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Three distinct sets of activity were identified in the informative condition compared 
with the uninformative condition (Figure 2-4, Figure 2-5). At anterior electrodes a 
contralateral negativity was evident with an onset of ~400ms and a peak at -500ms 
post-Sl (ADAN). An overlapping contralateral positivity developed at posterior 
electrodes with onset ~450ms and peak at -650ms post-Sl (LDAP). Finally a slow, 
rising contralateral negativity was shown at central electrodes with an onset of 
-700ms post-Sl ending in a sharp peak post-S2 (motor-related). The negativity at 
central sites over this time-period was also mirrored to some degree in anterior and 
posterior electrode traces due to propagation of this large-amplitude activity. These 
observations were tested formally using a three-way A N O VA  with factors condition 
(informative, uninformative), site (anterior, central, posterior) and window (three 
levels, see Figure 2-4).
Mean E R L  amplitudes per condition were calculated over each 1 00ms window from 
electrode clusters at each site (Figure 2-5). This revealed a significant three-way 
interaction effect [F(2.9, 43.1) =  11.30, p < 0.001] which reflects the different 
topographic distributions of lateralised activity in each time window. Initially (450 to 
550ms post-Sl), condition differences were found at anterior [t(15) =  2.38, p < 0.05] 
and posterior sites [t(15) = 2.26, p < 0.05]. This confirms the overlap of A D A N  and 
LD AP activity. Subsequently (600 to 700ms post-Sl), a condition difference was 
found at posterior electrodes [t(15) =  3.33, p < 0.01]. Finally (-100 to 0ms pre-S2), a 
condition difference was found at central electrodes [t(l5) = 3.99, p <  0.01].
Together, these results show the early (~400ms) development of the anterior A DA N  
component (peak ~500ms) overlapping with onset of the LD A P component at 
posterior sites which had a longer duration and later peak (-6 5 0ms). Subsequently, a 
rising contralateral negativity developed at central sites at ~700ms and lasted until 
post-S2 which is consistent with effector-specific motor preparation in this interval 
(Leuthold & Jentzsch, 2002).
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2.4.4. Component topography comparison
The A D A N  and motor-related E R L  components show similar but distinct scalp 
distributions (Figure 2-4). This topographical difference was tested formally by 
means of a three-way A N O VA  comparing electrical distribution in the two time 
windows (see 2.3 M ethods). This revealed a significant difference in the 
topographies along the Y  axis [F(2.2, 32.9) = 11.13 , p < 0.001] but not the X  axis [p 
= 0.14]. This difference in topography may be explained by activation of different 
neural populations, a hypothesis that lends itself to the use of source analysis to 
model these generators.
2.4.5. D ipole source analysis
The identification of three distinct lateralised components in the foreperiod together 
with the high-density array of electrodes used in the present study supports the use of 
dipole source analysis to investigate the sources of these components. To perform 
inverse modelling of the data the anti-symmetric technique of Praamstra et al. (1996) 
described fully in Methods was used. As highlighted by Praamstra et al. (2005) 
fitting of the A D A N  and LD AP components separately is not possible due to the 
overlap and reversed polarity of these two components. Therefore, initially two sets 
of symmetric dipoles were fitted simultaneously over the time period 300 to 650ms 
post-Sl covering the onset and peak of both components. These were localised in 
ffontocentral and occipital areas and their locations were subsequently fine-tuned by 
fitting each pair individually (with the other pair held constant) over time windows 
corresponding to peak component activity (ADAN: 450 to 550ms, LDAP: 600 to 
700ms).
Localisation of the motor-related LRP activity was achieved by fitting a pair of 
symmetrical sources over the time window -100 to 0ms pre-S2 (peak activity). These 
sources were fitted with the frontocentral A D A N  pair disabled, otherwise these 
sources already account for > 7 0 %  of the residual variance in this window. This 
approach is justified by the earlier clear temporal separation of the A D A N  and
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motor-related activity (Figure 2-4, Figure 2-5). The resulting three source model 
accounts for the data in the period 300ms post-Sl to S2 with a residual variance of 
6.9% (Figure 2-6). The A DA N  source is located in lateral premotor areas (x = ± 36, y 
= 9, z = 55), the LDAP source in posterior occipitotemporal areas (x = ±45, y =-61, z 
= -7) and the motor-related source in superficial sensorimotor areas just anterior to 
the central sulcus (x = ±26, y = - 1 1 ,  z = 61). The attention-related and motor-related 
sources derived here from a single experiment correspond well with earlier findings 
in independent attention-related (Praamstra et al., 2005) and motor-related (Leuthold 
& Jentzsch, 2002) work.
1
5 nAm
[±36, 9, 55]
[±26, -11, 61]
[±45,-61,-7]
Figure 2-6. Dipole source analysis o f foreperiod lateralised activity. Above: Source locations shown in 
an average BESA head model. Sources in one hemisphere are shown only as opposite sources are 
identical save for reversed orientations. Below: Source waveforms for A D A N  (A ), motor-related (M )  
and LD A P (L ) sources showing the clear separation o f the time-course o f A D A N  and motor-related 
activity. Source locations are shown as [x, y, z] in Taliarach-Toumoux coordinates. Shaded bars 
indicate 100ms windows around the peak activity o f each component as in Figure 2-4.
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2.4.6. Source location comparison
The limited spatial resolution of E E G  means that localisation of sources to separate 
but proximate locations cannot be relied upon alone to differentiate between activity 
in different parts of the brain. To determine whether the separation of the A D A N  and 
motor-related activity with source analysis can be considered robust a formal 
comparison of the two source locations was carried out. Since dipole source 
modelling of individual data is unreliable (due to low data signal-to-noise ratio), a 
jackknife sub-sampling method was used (Miller et al., 1998). Fifteen sub-samples of 
E R L  average waveforms were calculated, each omitting one participant. Sources 
were re-fitted using these sub-sample averages and the discrepancies from the grand 
average location on the X  (medial-lateral), Y  (rostral-caudal) and Z  (ventral-dorsal) 
axes were used to calculate jackknife-based standard errors (cf. Leuthold & Jentzsch,
2002). These jackknife standard errors were subsequently used in separate one-tailed 
t-tests testing for location differences on each axis. This analysis revealed a 
significant difference on the Y  axis [t(15) =  1.84, p < 0.05] but not the X  [p =  0.76] 
or Z  [p = 0.49] axes. This reliable separation on the rostral-caudal axis supports the 
view that these two sets of lateralised activity are likely to be generated by different 
neural populations.
2.4.7. HEOG
To provide confirmation that no horizontal eye movements were present during the 
foreperiod HEOG waveforms are shown in Figure 2-7 for left and right-hand trials.
S1 S2
 LH ------ RH
Figure 2-7. Grand average HEOG waveforms for left and right-hand trials during the foreperiod 
showing the absence o f horizontal eye movements.
2.5. Discussion
The present study used the S1-S2 response-priming paradigm of Rosenbaum & 
Kornblum (1982) to study the effects of providing advance information about an 
upcoming movement on preparatory activity during the S1-S2 interval (foreperiod). 
In this paradigm, faster reaction times are observed when a prime correctly warns of 
an upcoming left or right hand response compared with an uninformative or invalid 
prime. Behavioural results from the present study are in line with these findings and 
suggest that in the foreperiod differential neural activity occurs depending on the 
advance information provided by S I. Using high-density EEG  recordings foreperiod 
activity was analysed in order to address two main study aims. The first aim was to 
assess the impact of including a control condition in this paradigm that was
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interspersed with conditions priming movement. This was achieved by an analysis of 
foreperiod CN V.
2.5.1. F oreperiod  C N V
Foreperiod C N V  amplitude at central electrode sites was found to be modulated by 
advance information provided by the S I prime stimulus as predicted. It has 
previously been found that the provision of advance information about an upcoming 
movement affects foreperiod C N V  with, for example, enhanced amplitudes being 
invoked when more information is provided (Ulrich et ah, 1998) and when the 
information specifies a complex rather than a simple movement (Cui et al., 2000a). 
Although the C N V  reflects a myriad of foreperiod activity including stimulus 
processing, anticipation and general task arousal, it is also thought to index 
preparatory activity in sensorimotor cortices. This is particularly true of the late part 
of the C N V  which resembles in topographical distribution the readiness potential 
(RP) observed prior to self-paced movements (Cui et al., 2000b; Deecke et al., 1969). 
This idea is supported here with the informative conditions that fully .specify the 
upcoming movement (LH, RH) showing an enhanced C N V  compared with the 
uninformative (UN) and no-response (NO) condition. The topographical distribution 
of the CN V, particularly in the late part of the foreperiod, shows a hemispheric 
preponderance contralateral to response hand (Figure 2-3) and this is likely to reflect 
hand-specific motor preparation that is not performed in the uninformative condition 
due to lack of knowledge about the required hand. It is also worth noting that, due to 
the prime-response cue combination likelihoods (Table 2-1), there could be a general 
increase in task arousal in the two informative conditions. The uninformative 
condition predicts a movement with 66 % likelihood (33 %  of uninformative trials 
specify no movement at the S2 stage). The informative conditions predict a 
movement with 9 3 %  likelihood and participants may therefore have a general 
increased readiness to move in these conditions. However, any general increased 
readiness or arousal is unlikely to be reflected by lateralised potentials in the 
contralateral hemisphere specifically and therefore at least part of the enhanced 
activity in the informative conditions can be attributed to hand-specific preparation.
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An unexpected result was the equivalent amplitude and similar topographical 
distributions of activity in the UN and NO conditions (Figure 2-3). The NO condition 
was intended to act as a control (or rest) condition, despite the rare invalid trials 
where a NO prime was followed by a response cue for movement. The NO condition 
predicts a subsequent no-response cue with 9 3 %  likelihood with participants only 
having to execute a movement following a NO prime twice per block (Table 2-1). It 
was predicted, therefore, that participants would not show any motor-related 
preparation in the NO condition and would have to execute movements in invalid 
trials ‘from scratch’ (i.e. with no prior preparation) at the S2 stage. Based on this 
prediction the expected findings were that the uninformative condition (where a 
movement is likely to occur) would show preparatory activity over and above that of 
the NO condition. There are two possible explanations for the similarity in the UN  
and NO conditions observed here. Firstly, it could be that the UN prime did not 
invoke any motor preparatory activity and therefore foreperiod C N V  was very 
similar to that of the NO control condition. Conversely, it is possible that in the NO  
condition participants were performing motor-related preparation in the foreperiod 
despite this condition predicting no-response with 9 3 %  likelihood.
There are a number of reasons for favouring the latter explanation -  that participants 
performed motor-related preparation in the NO condition in the present study. 
Firstly, typical passive viewing conditions in the S1-S2 paradigm show very little 
deviation from baseline activity towards the end of the foreperiod (Cui et al., 2000a; 
Deiber et al., 2005; Sterr et al., 2008). That is not the case here with the UN and NO  
conditions both showing a well-defined negativity above baseline at this point (see 
Figure 2-3). Secondly, examination of the scalp topographies in the early and late 
C N V  (Figure 2-3) shows very good correlation between the NO and UN conditions. 
In addition to similar amplitudes, the topographical evidence provides further support 
for similar underlying activity in the two conditions. Although activity is attenuated 
in these conditions compared with the two informative conditions, the topographical 
shape is similar -  a bilateral pattern of negativity over central electrode sites. This 
suggests that a degree of preparatory activity in sensorimotor areas is being 
generated in both the UN and the NO condition.
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The finding that participants demonstrate motor-related preparatory activity 
following a no-response prime here was not predicted as it was intended for this 
condition to act as a control condition reflecting only general activity related to the 
task paradigm. Unlike control conditions in previous studies where a prime for no­
response predicted no movement with 10 0 %  probability, the presence of invalid 
trials in the NO condition in the present study may account for the findings described 
above. Participants were aware in the present study that in a small number of cases 
they would have to respond following a no-response prime. This appears to have led 
to a strategy of preparing for the least likely outcome (a response) in the NO  
condition. The adoption of this strategy by participants in the NO condition is 
puzzling, considering the scarcity of trials in which a response is actually required 
(two per experimental block). A  key to understanding this effect may lie in the 
performance costs of preparing an incorrect response. Typically, being primed 
incorrectly for an upcoming movement leads to a cost in reaction time due to 
preparation of the invalid response (Rosenbaum & Komblum, 1982; Leuthold,
2003). However, the NO condition is a special case because preparing for a 
movement in this condition (the least likely outcome) and then subsequently not 
having to perform it (the likely outcome) leads to no performance deterioration (there 
being no response to measure). Participants are often motivated by the desire to 
perform well in experimental tasks and preparing for an unlikely response in the NO  
trials would generate maximal performance when the invalid trials do appear and at 
no behavioural cost in the more common valid NO trials.
In summary, the present study provides evidence that the use of a control condition 
that is interspersed with primes for movement does not interfere with the typical 
preparation effects described for informative and uninformative conditions. 
However, importantly, it was demonstrated that the use of the control condition as an 
accurate reflection of general task activity is contingent upon the no-response prime 
being fully predictive, with no likelihood that a response will be required in this 
condition. In the present study, the inclusion of even a minimal number of invalid 
trials following a no-response prime invoked motor-related preparatory activity in 
the foreperiod that was undesired in the control condition.
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2.5.2. Lateralised potentials
The second aim of this study was to separate the contribution of spatial attention and 
motor preparatory processing to lateralised foreperiod activity elicited by a prime 
providing advance information about response hand. Analysis of lateralised 
potentials confirmed previous observations of lateralised motor-preparatory activity, 
manifested as a steadily rising cortical negativity over centroparietal areas prior to S2 
(Leuthold & Jentzsch, 2002). In addition, two lateralised ERP components (ADAN  
and LDAP) were identified whose latency and topographic distribution match that of 
studies of spatial attention shifts (Eimer & Driver, 2001; Eimer et al., 2002; Nobre et 
al., 2000). The presence of these components supports previous evidence that these 
components are elicited by centrally-presented directional prime stimuli in a motor 
paradigm (Eimer et al., 2005; Praamstra et al., 2005; Verleger et al., 2000).
Most importantly, the present study combined dipole source analysis of motor 
preparation and attentional lateralised components, which have previously been 
reported independently. Drawing together these findings in a single model provided 
strong support for the distinction of motor-related activity from that of the similarly 
distributed A D A N  activity. Generators of these two components were localised in 
separate, but proximate, premotor cortical areas (Figure 2-6). The nature and possible 
function of the identified components will be discussed in turn.
2.5.3. A D A N
The A D A N  component is a frontocentral negativity contralateral to the primed 
direction typically peaking ~400ms post-Sl. The early and transient nature of this 
activity has been interpreted as reflecting processing of the SI stimulus, rather than 
preparation related to the S2 stimulus. Specifically, such activity is consistently 
found in studies of covert spatial attention shifts (Eimer & Driver, 2001; Nobre et al., 
2000) and has been interpreted as reflecting the directing of attention to one side of 
perceptual space. The A D A N  has been elicited during shifts of attention towards
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task-relevant stimuli in various modalities, leading to speculation that it reflects 
activity of a multi-modal attentional system (see Eimer et al., 2002). Praamstra et al. 
(2005) further postulated that the A D A N  may be part of the general frontoparietal 
network that is known to show activity in response to attention shifts (Corbetta &  
Shiftman, 2002). The evocation of this activity in a motor paradigm where all stimuli 
are centrally presented suggests that processes related to attention and selection of 
response hand are strongly linked (Eimer et al., 2005). This is consistent with the 
premotor theory of attention which argues that common control mechanisms underly 
shifts of attention and preparation of goal-directed movements. Support for this idea 
comes from recent fMRI work that has provided evidence for a functional separation 
of the dorsolateral premotor cortex (PMd). Two densely-interconnected cortical areas 
-  rostral (PMdr) and caudal (PMdc) - have been distinguished (Boussaoud, 2001; 
Simon et al., 2002). These experiments show that activation in PMdr is related to 
tasks involving spatial attention and memory whilst PMdc shows activation in 
response to motor-related tasks. The localisation of A D A N  activity here (x =  ± 36, 
y =  9, z = 55) is consistent with the location of PMdr reported in neuroimaging work 
(for a review see Picard & Stride, 2001). Based on this evidence and the present 
findings it is argued that attention-related activity is automatically triggered by a 
prime that warns for selection/preparation of a particular* response hand.
Although the functional interpretation of the A DAN as a supramodal attentional 
component is well supported, recent data reported by Green and colleagues challenge 
this inference as their studies did hot reveal an A DA N  component in an intramodal 
auditory attention task (Green & McDonald, 2006; Green et al., 2005). The idea that 
the A D A N  necessarily represents modality unspecific shifts of spatial attention is 
therefore not undisputed. Another theory draws on evidence that underlying neural 
mechanisms may link allocation of visuospatial attention with oculomotor processing 
(for a review see Corbetta, 1998). The presence of A DAN in tasks involving covert 
spatial attention shifts, and the frontocentral distribution of this component, has been 
interpreted as reflecting saccade-related activity in the frontal eye fields (FEF). This 
is supported by experiments which show comparable frontocentral ERLs (equivalent 
to the ADAN) for the preparation of saccades and finger movements (van der Lubbe 
et al., 2000; Wauschkuhn et al., 1997). Most recently, van der Lubbe et al. (2006)
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further suggest that the A D A N  may actually be related to saccade inhibition. In their 
experiments a saccade-locked analysis revealed a reversed-polarity A D A N  and no 
posterior attentional components. The authors therefore conclude that equating 
attentional control and saccade preparation may be an inadequate interpretation of 
the A D A N  component. Instead, they speculate that the instruction to fixate centrally 
requires inhibition of the natural tendency to saccade in the task-relevant direction.
2.5.4. Motor-related
The motor-related lateralisation (LRP) is a steadily rising centroparietal negativity 
contralateral to the primed direction beginning ~600ms prior to S2. This can be 
attributed to motor preparatory processing for a number of reasons. 1) The sustained 
rise in negativity, timing and topography of this activity is reminiscent of the 
readiness potential (RP) observed prior to the onset of voluntary self-paced 
movements (Deeclce et al., 1969). 2) LRP amplitude prior to S2 is known to increase 
when the prime provides specific hand information rather than other response 
parameters such as force (Leuthold & Jentzsch, 2002; Ulrich et al., 1998). This 
implies that the LRP is an index of activity related specifically to the 
selection/programming of movement by a particular hand. 3) E E G  source modelling 
studies show localisation of late foreperiod LRP activity in lateral anterior motor 
areas associated with motor preparation (Leuthold & Jentzsch, 2002). This finding is 
fully replicated here with localisation of motor-related activity in lateral premotor 
areas (x =  ±26, y = - 1 1 ,  z = 61). The idea that premotor areas are linked to motor 
preparation is further supported by results from neuroimaging studies (Deiber et al.,
1996), epicortical recordings (Matsumoto et a l, 2003) and single-unit recordings in 
primates (Boussaoud, 2001). In addition, the present study demonstrated separation 
of A D A N  and motor-related generators in the premotor cortex, lying rostral and 
caudal respectively. Caudal parts of the dorsolateral premotor cortex (PMdc) have 
been linked with motor preparatory processing in fMRI work as described in more 
detail above (Picard & Strick, 2001).
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2.5.5. LDAP
The LD AP component is an occipitotemporal positivity contralateral to the primed 
direction typically peaking ~700ms post-Sl. It has been shown to be a modality- 
independent lateralisation evoked in studies of spatial attention (Eimer et al., 2002; 
Green et al., 2005; Nobre et al., 2000). Like the ADAN, the LD AP has also been 
found in response to a prime for side-specific motor preparation (Praamstra et al., 
2005; Verleger et al., 2000). In this study, LD AP activity was generated in posterior 
occipitotemporal areas (x = ±45, y = -61, z =  -7), consistent with ERP evidence 
(Green et al., 2005; Praamstra et al., 2005) and fMRI studies of spatial attention 
which show activation in this area (Gitelman et al., 1999; Rosen et al., 1999). 
Presently, there is no consensus as to what functionality the LD A P represents. The 
activation lies within an area referred to as M T± (purported to be the human 
homologue of the monkey MT complex) incorporating areas M T (middle temporal) 
and M ST (medial superior temporal), both sensitive to visual motion (Watson et al., 
1993; Zeki et al., 1991). This led to initial speculation that inferred movement from 
the proximity and timing of central and peripheral visual stimuli in spatial attention 
studies was causing increased activity in this region. However, this activity is also 
elicited when all cues are centrally presented (Verleger et al., 2000) (the present data) 
and, crucially, by stimuli in other modalities (Eimer et al., 2002). Praamstra et al. 
(2005) have speculated that the LD A P represents activation of the extrastriate body 
area (EBA), known to be activated by observation of static and moving body pails. 
This interpretation is based on a study by Astafiev et al. (2004) who found activation 
in this area when subjects prepared hand movements, even without being able to see 
the prepared hand. The findings of Astafiev et al. (2004) have recently been 
challenged by Peelen & Downing (2005) who instead implicate an area just anterior 
to the EB A  as being specifically related to executing motor actions (which they refer 
to as the action-related region, ARR). These areas lie within the region of M T± and a 
link between these visual areas and attention-related processing has been suggested 
in recent neuroimaging work on cross-modal attention. Modulation of activity in 
visual areas has been found in fMRI studies using concurrent tactile (Macaluso et al., 
2000) and auditory (Berman & Colby, 2002) stimuli. Both studies conclude that 
modality-independent attentional processes can modify activity at early visual stages.
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If the preparation of motor responses can automatically trigger activity associated 
with attentional control (see Eimer et al., 2005), perhaps this is an antecedent of later 
LD AP activity in visual areas. Preliminary support for this idea is provided by 
connectivity studies in monkeys which show intense interconnectivity of the multi­
modal ventral intraparietal area (VIP) with motion area M T (Duhamel et al., 1998).
2.6. Conclusion
The present study investigated the effects of providing advance information about 
upcoming movements in the S1-S2 response-priming paradigm of Rosenbaum &  
Kornblum (1982). Firstly, this study demonstrated that inclusion of a control 
condition in the response-priming paradigm does not interfere with the well- 
established priming effects described in the literature. Effects on behavioural and 
E E G  measures of response preparation were fully replicated in the present study 
using primes for response hand and an uninformative prime. Importantly, however, it 
was demonstrated that successful use of a control condition in this paradigm is 
contingent upon this condition being fully predictive of no response and therefore 
representing a simple passive viewing of the task stimuli.
Secondly, the present study replicated previous work demonstrating that both spatial 
attention and motor preparatory components contribute to the lateralised activity 
elicited by a prime for response hand (left or right). Additionally, the present study 
extended these findings by separating the contribution of motor preparatory and 
spatial attention components to lateralised foreperiod activity using high-density 
E E G  dipole source analysis. Components previously identified in independent spatial 
attention and motor-related paradigms were localised in a single dipole model. The 
separation of A DA N  and motor-related activity in the dorsolateral premotor cortex 
conforms well to a model which divides this region into two functional areas, rostral 
(PMdr) and caudal (PMdc). Attention-related activity (ADAN) was localised in 
rostral areas of PMd and motor-related activity in caudal areas of PMd, in-keeping 
with the functional separation of these areas suggested by neuroimaging work. Due 
to strong interconnection of these areas, it is speculated that a prime for
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preparation/selection of a hand-specific response is a trigger for related attentional 
activity, as predicted by the premotor theory of attention (Rizzolatti et al., 1987). It is 
also speculated that this activity is a possible antecedent of later occipitotemporal 
lateralised activation in visual areas (LDAP) but further work is needed to elucidate 
the functionality underlying this activity.
C h a p t e r  Three: Preparation for im ag in ed m o v e m e n t s
3.1. General introduction
This chapter reports two studies (Studies 2 and 3) designed to compare the effects of 
advance information about an upcoming movement on preparation for executed and 
imagined movements. The act of imagining oneself performing a movement (also 
known as motor imagery) can be defined as the neural representation, or simulation, 
of movement without overt execution (Jeannerod, 2001). According to this neural 
simulation theory, motor imagery involves the activation of existing neural 
representations of motor actions without actual movement execution taking place. 
There has been a wealth of evidence in support of this theory from studies that have 
investigated similarity in neural activation during the ‘active’ phase of executed and 
imagined movements - i.e. whilst the participant actually performs the task (for 
reviews see Jeannerod, 2001; Sharma et al., 2006). However, little is known about 
the processes preceding an imagined movement.
There has been less focus in this field on the preparatory stage of movement 
production. The preparatory phase has been shown to be an important part of the 
successful and efficient generation of movements (see Chapter One). A  
comprehensive account of the underlying similarities in movement execution and 
imagery cannot afford to neglect the contribution of preparatory activity to 
movement generation in both these movement modes. Whilst some studies have 
examined preparatory activity prior to imagined movements (Caldara et al., 2004; 
Cunnington et al., 1996; Jankelowitz & Colebatch, 2002), examining the effects of 
advance movement information on motor preparation has not previously been 
investigated in a motor imagery context. Modulating the amount and type of 
information provided about an upcoming movement in an S1-S2 response-priming 
paradigm (Rosenbaimi & Kornblum, 1982) has been demonstrated to have effects on 
preparatory activity prior to movement execution (Cui et al., 2000a; Leuthold &  
Jentzsch, 2001; Ulrich et al., 1998; Wild-Wall et al., 2003). Based on the neural
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simulation theory, which postulates the activation of existing neural representations 
of movement in motor imagery, similar modulations in preparatory activity with 
advance information can be predicted prior to an imagined movement.
Despite evidence of underlying similarities, however, motor imagery and execution 
are obviously not identical. Motor imagery does not culminate in actual overt 
movement and often studies of motor imagery show a reduced contribution of the 
primary motor portex (M l) in comparison to overt execution (Lotze et al., 1999; 
Stephan et al., 1995; Stippich et al., 2002; Szameitat et al., 2007). This has been 
attributed to the role of M l in actually executing the desired muscle commands. 
Although M l is generally thought to be less involved in the preparatory stage of 
movement production (see Chapter One), there is evidence for a contribution of M l 
activity prior to overt movement onset (Gerloff et al., 1998; Michelon et al., 2006; 
Simon et al., 2002; Wiese et al., 2004). In their study of preparation of imagined 
movements Caldara et al. (2004) demonstrated attenuated activity in the late stages 
of preparation for motor imagery and attributed this to a differential contribution of 
M l to the preparation of executed and imagined movements. By modulating advance 
information about upcoming movements the aim of the studies in this chapter is to 
investigate in more detail the underlying neural mechanisms common to preparation 
of an executed and imagined response.
Study 1 of this thesis demonstrated a close link between activity related to motor 
preparation and that of spatial attention. It was shown that a prime for the preparation 
of a hand-specific response was a trigger for related attentional activity in the 
premotor cortex as predicted by the premotor theory of attention (Rizzolatti et al., 
1987). The link between attention and motor preparation provides a broader context 
for assessing similarities between preparation for executed and imagined movements 
than investigating motor-related potentials in isolation. Based on the theory that 
existing neural representations of movements are activated during the imagination of 
movements, it can be predicted that the link between movement and attention 
demonstrated in preparation for overt movement will be maintained in a task 
involving motor imagery. The spatial attention components A D A N  and LD AP
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identified in Study 1 were therefore predicted to also be elicited by a prime for an 
imagined response with the left or right hand.
Due to differences in study design, the specific aims of the two studies in this chapter 
are discussed individually in sections 3.2 and 3.3.
3.2. Study Two
3.2.1. Introduction
In order to compare modulation of preparatory activity with advance information in 
executed and imagined movements Study 2 used a very similar S1-S2 response- 
priming paradigm to that of Study 1. Other than the addition of trials involving motor 
imagery, there were two alterations to the design from that of Study 1. Firstly, Study 
1 demonstrated that only an 10 0 %  predictive no-response condition would act as an 
appropriate control, yielding activity related to a passive viewing of the paradigm 
stimuli. This control condition is particularly important in the context of motor 
imagery where effects on activity during the S1-S2 interval (foreperiod) of priming 
an imagined movement are not well-established. Therefore, invalid trials were 
removed in the design of Study 2 in order to obtain, in the no-response condition, a 
control condition reflecting activity related to stimulus expectancy and general task 
arousal during the experiment.
The second alteration in Study 2 was the use of a spatial S2 stimulus for cueing 
responses instead of a symbolic cue (see 3.2.3 Methods). In Study 1, the letters ‘L H ’ 
and ‘R H ’ were used as stimuli for cueing a left-hand and right-hand response 
respectively. Some participants reported that they had difficulty translating the 
symbolic cue into the required response-hand, causing occasional slowing of 
responses due to a spatial confusion between left and right responses. This effect of 
language aspects of the stimuli is undesired as it is a confound with respect to the 
motor-related preparatory processes under investigation. Study 2 therefore used a set
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of S2 stimuli that cued response hand using spatial information rather than symbolic 
information in order to remove any undesired effects of language on stimulus- 
response translation.
In order to investigate preparation for imagined movements, Study 2 compared 
foreperiod activity in executed and imagined movements using high-density EEG. 
Study 1 demonstrated an enhanced foreperiod C N V  amplitude in trials where the 
prime stimulus was fully informative about the upcoming response-hand (left or 
right) compared with an uninformative prime. This was attributed to additional hand- 
specific preparation augmenting abstract preparation for movement in line with 
previous work (Leuthold &  Jentzsch, 2001; Ulrich et al., 1998). In the present study, 
it was predicted that a) this effect would be replicated with respect to executed 
movements and b) preparation for motor imagery would demonstrate similar 
differences in the informative and uninformative conditions. Support for the 
existence of hand-specific activation during motor imagery comes from studies of 
movement potentials during the ‘active’ phase of movement imagination (Beisteiner 
et al., 1995; Carrillo-de-la-Pena et al., 2006; Galdo-Alvarez & Carrillo-de-la-Pena,
2004). These studies demonstrate activity lateralised to contralateral motor areas 
whilst motor imagery actually takes place, suggesting that similar neural areas are 
being recruited in the production of an executed and imagined response. The 
existence of hand-specific preparation when response hand is primed prior to 
initiation of an imagined response would lend further support to this idea by 
extending these similarities into the preparatory phase.
In addition to investigating effects on foreperiod CN V, a second aim of the present 
study was to provide a detailed comparison of lateralised activity elicited by priming 
an executed or imagined response with the left or right hand. A  dipole source 
analysis model of foreperiod lateralised activity was developed in Study 1 which 
identified three components -  a slow-rising motor potential (LRP) peaking prior to 
S2 presentation, and two early components (ADAN and LDAP) associated with 
spatial attentional processing. It was predicted that this model would be a good fit for 
lateralised activity prior to an imagined response, based on the neural simulation
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theory that existing neural representations of movement are activated when 
imagining a response.
3.2.2. Study aims
Study 2 had two main research aims:
• Compare modulation in preparatory activity for executed and imagined 
movements due to an informative prime for response hand and an 
uninformative prime. It was hypothesised that an enhanced foreperiod C N V  
would be demonstrated following an informative prime compared with an 
uninformative prime in both an execution and imagination context. 
Additionally it was hypothesised that foreperiod activity in the informative 
condition would show lateralisation to the hemisphere contralateral to 
response hand in line with Study 1.
• Provide a detailed comparison of lateralised foreperiod activity prior to 
executed and imagined movements elicited by a prime for response hand. It 
was hypothesised that similar motor-related and spatial attention components 
would be elicited by a prime for movement in both an execution and 
imagination context.
3.2.3. Methods
3.2.3.1. Participants
18 students, 9 males and 9 females (mean age 25, sd 7.9), all right-handed (mean 
handedness quotient 87.7 (Oldfield, 1971) ), participated in a single E E G  recording 
session lasting two hours. Participation was rewarded with a course credit or paid at 
£5/hr. The study was approved by the University of Surrey Ethics Committee and 
informed written consent was signed prior to participation. All participants had 
normal or corrected-to-normal vision.
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3.2.3.2. Experimental paradigm
As in Study 1, the present study used the S1-S2 response-priming paradigm. Trials 
were divided firstly into two movement modes - execution (EX) and imagination 
(IM). For both of these modes, trials were divided into five conditions determined by 
the combination of prime (SI) and response (S2) stimuli (see Figure 3-1). Left-hand 
(LH, « )  and right-hand (R H ,» )  trials were 100 % predictive with the direction of 
the prime arrows indicating response hand. An uninformative prime (UN, o )  was 
followed with equal likelihood by a left or right hand response. In no-response trials 
(NO, x )  participants were asked to passively watch the stimuli presentation; these 
were used as a control condition. Imagination trials were distinguished by brown 
instead of white coloured stimuli. The experiment comprised eight blocks, with each 
block containing six trials for each mode and condition, a total of 60 trials per block 
presented in a pseudo-random order. The required response for execution trials was a 
left or right hand button press with the index finger. Participants were asked to 
respond as quickly and accurately as possible. For imagination trials, participants 
were requested to imagine their finger pressing the appropriate button following 
presentation of S2.
A
EX IM
S1 S2 S1 S2
LH © d << •
RH © € >> •
UN ©
@
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€
N<>
<>
•
O
NO © © >< •
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response cue 
(S2)
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-pretrial (500ms)
Figure 3-1. A) Experimental conditions and associated prime (SI) and response (S2) stimuli. For 
convenience, circles and arrows are shown as black on white although on-screen they were presented 
as white on black. Circles and arrows for the IM movement mode were identical except for colour. B) 
An example left-hand (LH) trial showing the sequence and timing of stimulus presentation.
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3.2.3.3. Procedure
Participants sat in a dimly lit recording booth (2.5 x 3.5m) at a viewing distance of 
70cm from a 19” screen. They rested each index finger on a custom-made response 
button (6 x 6cm) about 30cm apart horizontally on a table in front of them. The 
experiment was divided into a training and main session. In the training session, 
participants practiced each movement condition (see Figure 3 -1) for both executed 
and imagined movements. Execution training trials were repeated until the correct 
response was given. Imagination training trials were repeated until the participant 
reported that they were comfortable with performing the imagery task. 
Electromyographic (EMG) activity was recorded in the training session in addition to 
the main session and the experimenter gave feedback when participants showed 
muscle contraction during movement imagination. This enabled participants to learn 
to perform the imagination task without overt muscle movement. Typically, this took 
five to ten minutes for each participant. The training was followed by the eight-bloclc 
main experimental session. Between blocks the experiment was paused automatically 
and resumed by the participant when they were ready. Participants were given their 
percentage of correct responses at this stage as feedback. As there was no 
behavioural data available for imagination trials these were always recorded as 
having a ‘correct’ response.
Trials started with an empty black screen. After 500ms the prime stimulus (5.1° x 
5.1°) was presented for 150ms, followed by another 1150ms of empty black screen. 
The response cue (5.1° x 5.1°) was then presented and left visible until a response 
was registered or until 1200ms post response cue (this timeout applied to all 
imagination trials and to the no-response condition for execution trials). After the 
response was registered (or at the end of the response window) feedback was 
displayed for 200ms (‘correct’, ‘wrong’ or ‘wrong -  no response required!’). In 
imagination trials, despite the lack of behavioural data, ‘correct’ feedback was 
always shown to encourage participants. In execution trials, if participants responded 
before or during a 200ms interval after the response cue then ‘too early!’ was shown 
in blue (to prevent anticipations). After the feedback (or the end of the response 
window) the screen turned grey for 900ms to signal the end of the trial and to allow
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participants to blink and move the eyes. Participants were requested to keep their 
eyes on the centre of the screen and not to blink during stimulus presentation. 
Stimulus presentation and experimental control were implemented using 
Neurobehavioral Systems Presentation software (www.neurobs. com).
3.2.3.4. Electrophysiological recording and processing
Electroencephalographic (EEG) signals were continuously recorded from Ag/AgCl 
electrodes using a 64-channel QuickAmp amplifier (Brain Products; 
http://www.brainproducts.com). Electrodes were positioned according to the 
international 10-10 system (see Appendix A). Vertical (VEOG) and horizontal 
(HEOG) electrooculographic signals were recorded bipolarly using electrodes above 
and below the left eye and from the left and right outer canthi, respectively. EM G  
was recorded bipolarly from electrodes positioned over the right and left forearm 
(flexor digitorum). Electrodes were recorded against an average reference calculated 
by the amplifier hardware. E E G  and EO G  recordings were sampled at 500Hz and 
recorded in D C  mode. Electrode impedances were kept below 5kOhm. Data was 
analysed offline using BrainVision Analyser (Brain Products; 
www.brainproducts.com) software. Only trials with correct responses were included. 
E E G  data was digitally filtered (2 5 Hz low-pass phase shift-free Butterworth filter 
and 50Hz notch filter), in addition to EM G data (high-pass 30Hz, low-pass 50Hz, 
12dB/oct). Eye-related artifacts were removed using IC A  analysis (Jung et al., 2000). 
The data was segmented into condition-specific epochs of 200ms pre-Sl to 800ms 
post-S2. Individual epochs were artifact rejected using a 20pV maximum 
step/sample, 250|fV maximum segment difference and 0.5pV minimum activity 
criteria on all electrodes. Additionally, epochs were rejected if  EM G activity was 
present during the foreperiod and, for imagination trials, if present in the imagination 
period. An automatic detection algorithm was used to determine the presence of 
EM G activity using a threshold method (Hodges & Bui, 1996). Per epoch, the mean 
and standard deviation (sd) of EM G  activity in the baseline period (500ms prior to 
S I) were calculated. A  sliding 25ms window was used iteratively in the test period to 
calculate mean EM G activity. Significant EM G  activity was defined as activity lying
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a specified multiple of sds away from the baseline mean. The sd multiple in the 
calculation (range 2-3) was tailored for each participant by calibrating the algorithm 
using data from overt execution trials. EM G activity flagged by this algorithm lyas 
also manually checked for false positives. Epochs were averaged and baseline- 
corrected (using the first 200ms of the epoch) to yield stimulus-locked (foreperiod) 
ERPs for each condition. Lateralised potentials (ERLs) were calculated using a two- 
step calculation (cf. Coles, 1989). Firstly, activity at electrodes sites ipsilateral to the 
response hand is subtracted from that of homologous electrodes on the contralateral 
side. This difference waveform represents asymmetric activity for one hand. 
Secondly, the difference waveforms for each pair (e.g. C3/C4) are averaged across 
left and right tasks to remove asymmetric activity that is common to the two 
conditions. The resulting average waveform captures only activity that is specific to a 
particular response hand.
3.2.3.5. Data analysis
Behavioural data (RT and %  correct trials) were analysed using two-way repeated- 
measures ANO VAs (condition by hand). Foreperiod C N V  was statistically analysed 
using mean amplitudes pooled from fifteen electrode sites (FC1-4, FCz, C l -4, Cz, 
CP 1-4, CPz). These sites were chosen a priori as electrodes lying over sensorimotor 
areas (see Appendix A). Two 300ms time windows were selected for analysis: early 
(700-1000ms post-Sl) and late (1000-1300ms post-Sl) in an identical manner to 
Study 1. Average amplitude in these time windows was calculated and subjected to 
statistical analysis. A  three-way repeated-measures A N O VA  (mode by condition by 
time) assessed mean amplitude differences.
Individual data for both E X  and IM movement modes was analysed by calculating 
mean individual average C N V  amplitude in the late time window across the three 
movement conditions (LH, RH, UN). The mean amplitude in the NO condition was 
then subtracted from this value to yield a single value representing the effect of a 
prime for movement per individual. For the NO condition, the 9 5 %  confidence limits
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of the mean amplitude were calculated and any effect lying within these limits was 
considered non-significant.
In all analyses A N O VA s were Huynh-Feldt adjusted as appropriate (corrected d.f.s 
reported).
3.2.4. Results
3.2.4.1. Behavioural data
Reaction times and %  correct trials were analysed for each condition in the execution 
trials to confirm that participants utilised advance information in the prime to 
facilitate their response (Figure 3-2).
For RTs, a two-way A N O V A  (condition by hand) revealed a significant effect of 
hand [F(l, 17) =  6.2, p <  0.05] with right-hand responses being 13ms faster across 
conditions. This is consistent with the findings from Study 1. Most importantly, there 
was significant effect of condition [F(l, 17) =  116. 3 ,p < 0  .001] with faster responses 
following the LH  and RH  informative primes compared with the uninformative 
prime. This is evidence that participants are using information in the prime to 
provide speedier responses in these conditions. Equivalent analysis of percentage 
correct trials showed no effect of either condition or hand (F < 1) consistent with 
findings from Study 1. The R T effect cannot therefore be attributed to a 
speed/accuracy trade-off strategy by participants.
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Figure 3-2. Mean reaction time and percentage correct trials by condition and hand for execution 
trials. Error bars show ±1 standard error. Significant differences are marked at the 0.001 (***) level.
3.2.4.2. CN V
For both modes of movement (EX and IM), in the foreperiod a slow-rising negativity 
was present over central electrodes in all conditions (Figure 3-3). For execution 
trials, the NO condition stabilised at baseline amplitude at S2 presentation whilst all 
other conditions showed a greater negativity at this time. Lateral electrode sites 
showed the expected pattern whereby a greater negativity was present at sites 
contralateral to the primed hand in the LH  and RH conditions and this lateralisation 
was not displayed in uninformative trials. For imagination trials, the NO condition 
was very similar to that of the execution trials whilst in all other conditions 
amplitudes showed a large attenuation in comparison to the execution data.
These observations were tested formally using the mean C N V  amplitude in two 
selected time windows (see 3.2.3 Methods). A three-way A N O VA  with factors mode 
(EX, IM), condition (NO, UN, LH, RH) and time (early, late) was used to test for 
significant effects. This revealed a main effect of mode [F(l, 17) = 18.5, p < 0.001] 
with execution trials showing a larger negative C N V  amplitude across time windows 
and conditions. There was also a main effect of time [F(l, 17) = 48.3, p < 0.001] with 
C N V  amplitude generally becoming more negative over time as expected.
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Figure 3-3. Grand average foreperiod CNV at lateral sites C3 and C4 and pooled over fifteen central 
electrode sites (FC1-4, FCz, C l-4, Cz, CP 1-4, CPz) in each condition. Shaded bars indicate two 
300m s time windows selected for formal analysis o f  early and late CNV. Results are shown for (A) 
execution and (B ) imagination trials.
Most interestingly, there was a significant interaction of mode by time 
[F(l, 17) = 14.6, p < 0.005] and of mode by condition [F(3, 51) = 5.1, p < 0.005]. 
These two results taken together confirm the pattern displayed in Figure 3-3. The 
way in which the condition differences in C N V  amplitude develop over the 
foreperiod are significantly different for the E X  and IM movement modes. Contrast 
analysis revealed that, in execution trials, the NO condition differed significantly 
from all other conditions in both time windows [Fs(l, 17) > 16.0, p < 0.005]. 
Additionally, in the late time window only, a significant difference was present 
between the UN and RH conditions [F(l, 17) = 5.5, p < 0.05] and the difference 
between UN and LH  indicated a trend [p = 0.079]. In imagination trials, however, 
there were no significant differences evident between conditions in either time 
window.
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3.2.4.3. Individual analysis
The lack of a significant C N V  effect (compared with the control condition) in 
movement imagination trials does not conform to the prediction that similar 
preparatory activity would be demonstrated in imagination and execution trials. 
However, one of the problems of studying movement imagination is the inherent lack 
of a behavioural response to the task. Having observed a lack of effect for 
imagination trials in terms of the expected physiological signal, there are two 
possible interpretations. The first is that providing advance information about a 
response in the S1-S2 paradigm does not elicit preparatory activity for imagined 
movements, in contrast with findings for movement execution. This would be a 
surprising outcome in light of evidence suggesting preparation for imagined 
movements can be indexed by electrophysiological measures (Caldara et al., 2004; 
Cunnington et al., 1996; Jankelowitz & Colebatch, 2002). The second interpretation 
is that some or all participants were unable to successfully perform imagination of 
the desired response despite their introspective account during the training period 
that they were capable of doing so. By the nature of imagination tasks, it is 
impossible to verify task compliance via traditional behavioural means.
To shed light on the lack of a grand average C N V  effect in movement imagination 
trials, individual foreperiod data was examined to see if  the desired C N V  effect was 
elicited in any individual participants. Table 3 -1 shows the foreperiod C N V  effect in 
both execution and imagination trials broken down into individual data. Values are 
calculated by pooling individual average LH , RH  and UN conditions over central 
electrode sites in the late time window (300ms prior to S2 presentation) and 
subtracting the individual NO condition amplitude for each participant. Larger 
negative values indicate a stronger effect of a prime for movement on the late CN V. 
The data is ordered from largest to smallest for both movement modes. Starred 
values in the table indicate where the difference lies outside the calculated 9 5 %  
confidence limits for the NO condition. This highlights how few participants show an 
effect in imagination compared with execution trials, accounting for the lack of a 
grand average C N V  effect for imagined movements.
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Table 3-1 also highlights two participants (15 and 8) who show an effect in 
imagination trials comparable with that of execution trials. The individual average 
traces for these participants are given in Figure 3-4. The pattern shown by these two 
participants conforms well to that of the execution data, with the C N V  in all 
movement conditions displaying a greater negativity compared with the NO  
condition.
Participant EX P articipant IM
17 -2.62* 15 -2.58*
5 -2.38* 8 -1.95*
15 -2.37* 11 -0.64*
11 -2.35* 16 -0.57*
8 -2.31* 2 -0.50
2 -1.69* 9 -0.47
16 -1.46* 3 -0.43
9 -1.37* 5 -0.32
14 -1.01* 6 -0.19
3 -0.95* 4 -0.14
7 -0.91* 12 -0.11
4 -0.85* 17 -0.10
18 -0.78* 1 -0.07
6 -0.51* 13 0.02
13 -0.39 14 0.11
10 -0.35 10 0.13
12 -0.14 18 0.30
1 0.02 7 0.49
Table 3-1. Individual mean late CNV effects in execution and imagination trials. Values are calculated 
by pooling individual average LH, RH and UN conditions over central electrode sites in the late time 
window (300m s prior to S2 presentation) and subtracting the individual NO condition amplitude. 
Larger negative values indicate a stronger effect o f  a prime for movement. Data is ordered from 
largest to smallest effect for both movement modes. Starred values indicate a difference that exceeds 
the 95% confidence limit o f  the NO condition.
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Figure 3-4. Individual average foreperiod C N V  for imagination trials only pooled over fifteen central 
electrode sites (FC1-4, FCz, C l-4 , Cz, CP 1-4, CPz) in each condition. Data is shown for the two 
participants (15 and 8) showing the largest individual effect for the imagination movement mode.
The individual results suggest that priming effects were present for a few individuals 
in this data but that the majority of participants did not show any significant 
preparatory activity in comparison with that elicited by a passive viewing of the 
paradigm stimuli. Possible reasons for these findings are elaborated upon in the 
discussion section.
3.2.4.4. Lateralised potentials
One of the aims of this study was to compare lateralised potentials (ERLs) in the 
foreperiod prior to executed and imagined movements. ERLs were calculated using a 
two-step procedure detailed in the Methods section. This calculation led to the 
discovery of a methodological problem with the present study. Lateralised potentials 
are often used to study activity that is specific to a single response-hand, however 
they are not restricted to motor-related activity and reveal any lateralised signal 
related to a trial specifying a particular side. On studying the ERLs it became clear 
that, despite instructions to keep their eyes on the centre of the screen, participants 
had consistently performed small left and right-ward eye movements during the 
foreperiod in left and right hand primed trials respectively. Although these 
movements were small enough not to be noticed by the experimenter during 
recording, they are time-locked to the stimulus presentation suggesting that the eye
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movements were in response to presentation of SI or anticipation of the upcoming 
S2.
Figure 3-5 shows the extent of the artifact introduced into the data by these 
horizontal eye movements. An 100ms window was chosen just after the eye 
movements developed for topographical analysis. The topographies in the present 
study show a large positivity across frontal electrodes ipsilateral to the primed 
direction which is not present in Study 1. Due to this artifact being specific to the 
primed side it is also manifested in the E R L  potentials derived from this data as 
shown in Figure 3-6. The effect of this artifact extends beyond the initial eye 
movement onset at about 400ms through to the end of the foreperiod and post S2 
presentation. This means that the important preparatory phase of interest here in the 
late part of the foreperiod is corrupted by the presence of this activity.
S1 S2
 LH ---  RH
Study 1
 LH ---  RH
Present study
Study 1
Present study
LH -3 0(iV 3 rh
Figure 3-5. A ) Grand average foreperiod HEO G  traces from the present study (E X  trials) and Study 1 
for the L H  and RH conditions. The grey bar indicates a 100ms window used for topographical 
analysis. B ) Topographies for each study and condition averaged over the 100ms window shown. 
Maps were produced using BrainWorks Vision Analyser by spherical spline-interpolation.
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 Study 1 ------- Present study
Figure 3-6. Grand average lateralised potentials pooled across four electrode pairings (A F7/8, F7/8, 
F5/6, FT7 /FT8) as shown in the right side o f the figure. Data is shown for Study 1 and the present 
study (E X  trials), showing the eye movement artifact during the foreperiod.
It is possible that large eye movements by a few participants can cause a large 
artifact in grand average data but examining the individual data revealed that this was 
not the case here. 15 of the 18 participants showed horizontal eye movements in their 
individual data that were unusually large compared with individual data from 
Study 1. This leads to the conclusion that there is a methodological problem with the 
study causing participants to inadvertently move their eyes horizontally during the 
foreperiod. This is discussed further in the discussion section.
The main problem with this artifact is that it is not easy to separate from the data 
using traditional tools. The horizontal eye movements were not identified by the IC A  
algorithm used here because this relies upon statistical independence of the artifact 
from other sources in the data. Large eye-blinks, randomly present in the data, are 
ideally suited to ICA, however the smaller horizontal eye movements were time- 
locked to S2 presentation and were systematically present per experimental 
condition. This makes them very difficult to remove without also removing part of 
the C N V  signal being studied. Attempts to remove the horizontal eye movement 
artifact at an individual level in this study always resulted in a deterioration of the 
grand average foreperiod CN V.
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3.2.5. Discussion
The present study used high-density E E G  recorded in an S 1-S2 response-priming 
paradigm to compare the effects of providing advance information about upcoming 
movements in a movement execution and imagery context. The first aim of this study 
was to compare modulation in preparatory activity for executed and imagined 
movements due to an informative prime for response hand and an uninformative 
prime. An analysis of foreperiod C N V  was used to address this aim.
3.2.5.1. Foreperiod C N V
For all conditions and both movement modes (execution and imagination) a slow- 
rising C N V  was observed over central areas. In execution trials, the expected pattern 
of foreperiod effects was demonstrated whereby a prime for an upcoming movement 
elicited an enhanced C N V  amplitude in comparison to the no-response condition. 
Additionally, in the late part of the CN V , informative trials showed a further increase 
in negativity that was not evident in uninformative trials. This is in line with the data 
from Study 1 and is consistent with the idea that hand-specific movement preparation 
occurs during the foreperiod when information about response hand is provided 
(Leuthold & Jentzsch, 2001, 2002; Ulrich et al., 1998). This hand-specific 
preparatory activity occurs in addition to more general (or abstract) activity 
associated with the production of a movement as indexed by activity in the 
uninformative trials. In a similar manner to Study 1, activity at lateralised electrode 
sites in the execution trials shows a contralateral preponderance of activity in 
informative trials that is absent in the uninformative condition (Figure 3-3).
Most important in the present study is the finding that the predicted condition 
differences observed in the foreperiod for execution trials were absent in both early 
and late C N V  for equivalent imagination trials. This is an unexpected negative 
finding that does not conform to the neural simulation theory of motor imagery 
(Jeannerod, 2001) and E E G  studies showing comparable preparatory activity prior to 
movement execution and imagery (Caldara et al., 2004; Cunnington et al., 1996;
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Janlcelowitz & Colebatch, 2002). However, despite most participants in the present 
study failing to show preparation in imagination trials, analysis of individual data 
showed that two participants in particular did show the expected pattern of C N V  
condition differences (Figure 3-4). This suggest that the absence of an overall effect 
(in the grand average data) is most likely due to the poor performance of most 
participants in the imagery task. Reasons why this may have happened are discussed 
below in terms of methodological problems with the present study.
3.2.5.2. Lateralised potentials
The second aim of this study was to provide a detailed comparison of lateralised 
foreperiod activity prior to executed and imagined movements elicited by a prime for 
response hand. It was intended to use dipole source analysis to address this aim, 
based on the model developed using this technique in Study 1. However, the 
corruption of the lateralised E E G  data by eye movement artifacts prevented this 
analysis from being effectively carried out. Source analysis of E E G  data requires 
good quality data from a large number of electrode sites on the scalp and, as evident 
from Figure 3-5 and Figure 3-6, the distribution of foreperiod activity is heavily 
skewed by the presence of the artifactual component.
3.2.5.3. Shortcomings of design
The analysis presented in the results section led to the discovery of some 
methodological problems with the present study. The various issues are discussed 
below with recommendations for improvements for subsequent experiments.
3.2.5.3.1. Imagery technique
One of the distinctions that is commonly made in the literature when referring to 
motor imagery is that of lcinaesthetic and visual imagery (Annett, 1995). 
Kinaesthetic imagery is ‘first-person’ where participants are asked to mentally
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conjure up the feelings and sensations they would experience if  they were actually 
making the movement. Visual imagery is ‘third-person’ with participants mentally 
picturing themselves, or someone else, making the movement. Recent studies have 
revealed that the imagery technique specified to participants is crucial in terms of 
physiological indices of movement imagination. Neuper et al. (2005) analysed 
single-trial E E G  and found that distinct patterns of activity over sensorimotor areas 
could be reliably identified when participants performed kinaesthetic imagery but not 
visual imagery. Lim et al. (2006) found that patients with Parkinson’s disease 
displayed normalisation of late C N V  in a preparation paradigm following a ten- 
minute session of kinaesthetic imagery training. The same effect was not shown by 
patients after visual imagery training. The evidence above suggests that, in terms of a 
comparison with performing overt movements, kinaesthetic imagery should be the 
preferred technique.
In the present study, participants were not given specific instructions of how to 
perform the imagination task. They were asked to “imagine their finger pressing the 
appropriate button.” In retrospect, this instruction is most likely ambiguous and it 
seems plausible that most participants would interpret this as an instruction for visual 
imagery, as being asked to ‘imagine’ something in everyday life is associated with 
picturing the image in your ‘mind’s eye’. If  it was the case that the majority of 
participants were employing visual imagery this may have contributed to the 
attenuated C N V  effect in the imagination trials1. The present study was designed to 
specifically examine motor-related potentials occurring in the foreperiod, typically 
generated over central, sensorimotor areas -  a design in which kinaesthetic imagery 
would have been more appropriate. In future studies, it would be prudent to have 
specific instructions about how to perform the imagery part of the motor task.
1 It  can also be speculated that the individual data may reflect the use o f different imagery techniques 
by participants (see Table 3-1). Perhaps those with the strongest effects in the imagination mode were 
using kinaesthetic imagery and others with weaker effects were using visual imagery.
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3.2.5.3.2. Type of movement
This study was designed to closely match Study 1 and therefore the movement 
chosen for the task was identical - a button press with the left or right index finger. 
Whilst this has the advantage of keeping the movement itself very simple, and 
therefore presumably more consistent across participants, the simplicity and speed of 
the movement may have made it less suited to the imagination task. Many studies of 
motor imagery have made used of more extensive movements, such as sequential 
thumb-finger oppositions or repetitive movements (Lotze et al., 1999; Michelon et 
al., 2006; Pfurtscheller et al., 2005; Stephan et al., 1995). Typically, motor imagery is 
not air overly familiar task for naive participants and therefore demanding such a 
quick movement (execution of the button press takes in the order of 400ms) may not 
be an ideal imagery task. This is coupled with a lack of control over participant’s 
performance in the imagination task. Feedback given to participants in the 
imagination trials was always ‘correct’ which was designed to act as positive 
motivation in trials where behavioural data is unavailable. However, this could also 
have had the effect of lulling participants into a situation where they, wilfully or 
mistakenly, did not perform the imagination task with full zest and yet felt that they 
were performing adequately.
For future studies, an extended period of movement imagination is likely to be 
beneficial in two ways. Firstly, this gives participants time to initiate movement 
imagery before the task is already over. Secondly, participants are less likely to fall 
into the trap of half-heartedly performing the movement imagination or being unable 
to imagine the movement. An extended movement sequence is more effortful and 
therefore should paradoxically make the imagery of such a task easier, as the 
required performance is more tangible. Imagery of a response involving temporally 
sustained movements is therefore recommended as a motor task more suited to 
investigating activity related to movement imagination in E E G  studies.
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3.2.5.3.3. Eye movements
E E G  data in the present study showed a large artifact from horizontal eye movements 
during the foreperiod (Figure 3-5 and Figure 3-6). Although there is a risk of such 
E E G  artifacts in studies of movement with the left or right hand, with appropriate 
instructions to keep eyes centrally fixated, as given here, they are commonly 
restricted to only a few participants. Study 1 showed no such artifact despite an 
identical task performed in the LH  and RH conditions. The obvious difference in the 
present study is the change of design of the experimental stimuli. In Study 1, SI were 
double-arrowed prime stimuli ( » ,  « ,  o ,  ><) and S2 were two letters specifying 
response hand (LH, RH  or NO). In the present study, S2 stimuli were changed to 
half-filled sides of a circle. The rationale behind this change was to avoid any 
possible confound in studying motor-related activity of using stimuli that had a 
language component, and instead using stimuli where the mapping between stimulus 
and response hand was a spatial one. It was predicted that this change would not 
substantially affect the experimental paradigm as it is a perceptual change only and 
does not impact on the task-related effect of the prime stimuli (particularly as S is  
were retained as double-arrows). Spatially coded S2 stimuli have been previously 
successfully employed in studies of response preparation (e.g. Praamstra et al., 2005) 
without eye movement artifacts being introduced.
However, in changing the experimental stimuli for this study a concurrent decision 
was made to increase the size of the stimuli in order to make the stimuli clearer and 
easier for participants to distinguish. In retrospect, this proved to be problematic 
because the new size (5.1° x 5.1°) places the edges of the stimuli outside of 
participants’ foveal vision. As the new S2 is a spatial cue, presentation of this 
stimulus changes one side of the display (corresponding to response hand). The eye 
artifacts reported in this study suggest that participants were unable to keep centrally 
fixated due to part of the response stimulus appearing in their peripheral vision. This 
seems enough to elicit small eye movements, presumably to scan the edge of the new 
stimulus. Unfortunately, as these eye movements are associated with the response 
stimulus the artifact associated with them in the E E G  data is time-locked to stimulus 
presentation and becomes entangled with the foreperiod activity under investigation.
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For future E E G  studies where horizontal eye movements are a concern it is 
recommended that stimuli size is constrained to the foveal part of the visual field 
(~1.5°) to discourage horizontal eye movements.
3.2.6. Conclusion
The present study aimed to compare the effects of advance information about 
upcoming movements on preparatory activity in a movement execution and imagery 
context. Findings in trials involving movement execution were consistent with Study 
1 and previous work showing enhanced C N V  amplitude over sensorimotor areas 
when information about an upcoming movement is provided, compared with a 
control condition. No significant differences from the control condition were 
observed in trials involving movement imagination. This was an unexpected result 
based on the idea that movement execution and imagery share similar underlying 
neural mechanisms. However, the absence of an effect in motor imagery trials was 
attributed to methodological problems in the present study that may have masked the 
predicted condition effects in the imagery data. These methodological concerns 
prevent any firm conclusions being drawn from the imagery data in this study, and it 
is recommended for future studies of motor imagery that the methodological 
considerations highlighted in the discussion section are taken into account.
I l l
3.3. Study Three
3.3.1. Introduction
Study 3 was designed to overcome the methodological limitations of Study 2 whilst 
still maintaining the fundamental aspects of the S1-S2 paradigm established in Study 
1. One of the main concerns in Study 2 was that the movement task may not have 
been sufficiently engaging to ensure participants performed well when imagining the 
required response. The design of Study 3 was amended in a number of ways to help 
improve participant’s performance during motor imagery. Firstly, a simple button 
press response was replaced with sustained repetitive thumb-finger opposition 
movements. These sequential finger movements are commonly studied in the motor 
control literature (Cui et al., 2000a; Haaland et al., 2004; Hlustik et al., 2002; Kuhtz- 
Buschbeck et al., 2003; Verstynen et al., 2005). The advantage that this type of 
movement has in the study of motor imagery (over a simple button press) is that 
sustaining the effort of producing the movement over a period of time is likely to 
make participants more able to engage in the imagery task. Studies have reported 
slower movement times for an imagery task compared with overt execution (Maruff 
et al., 1999; Sabate et al., 2004) and this was also anecdotally reported by some 
participants in Study 2 who stated the imagined button press felt as if  it took longer 
to generate than the executed response.
Thumb-finger oppositions in this study were additionally divided into two types -  
simple (involving just the thumb and index finger) and complex (involving multiple 
fingers). The rationale for this manipulation was to further entrance participants’ 
engagement in the task by varying the required response across trials, thereby 
improving the concentration of participants during the imagery task. The selection of 
a simple and complex movement sequence in the present study was based on 
previous findings of differential involvement of cortical motor areas in executing 
simple or complex movement sequences. For example, Deiber et al. (1999), Grafton 
et al. (2002) and Shibasaki et al. (1993) found increased activation of the
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supplementary motor area (SMA) with increased sequence complexity. Other studies 
have also shown increased premotor cortex, parietal and cerebellar activity correlated 
with increased movement complexity (Haaland et al., 2004; Haslinger et al., 2002). 
An increase in activity in these ‘higher’ motor areas has also been observed during 
imagination of complex compared with simple sequences (Kuhtz-Buschbeek et al.,
2003). Most relevant to the present study is the finding of Cui et al. (2000a) who 
used an S1-S2 response-priming paradigm to compare preparation for simple and 
complex movement sequences. They found that in the late part of the foreperiod 
C N V  an enhanced negativity was evident prior to complex movements compared 
with simple movements which they attributed in part to an increased involvement of 
supplementary/cingulate motor areas in this late phase. In the present study, the 
provision of advance information about the upcoming response (simple or complex) 
in a movement execution and imagery context affords comparison of the effects of 
this information on preparatory activity in the two modes of movement. Based on the 
idea of underlying functional similarities in motor execution and imagery it is 
predicted that effects of providing advance information about movement complexity 
on preparation for imagined and executed movements will be closely matched. This 
prediction is also based on the evidence above suggesting that ‘higher’ motor areas 
are associated with increased neural activation during complex motor sequences. 
Areas such as the premotor cortices and SMA are consistently reported as showing 
activation during motor imagery, in comparison with a reduced contribution of 
primary motor areas (see Jeannerod, 2001) suggesting the role of these secondary 
motor areas in complex movement production will not be diminished when 
movements are imagined (Kuhtz-Buschbeck et al., 2003).
In addition to adjusting the task to be performed, two additional methodological 
controls were included in the present study to improve the likelihood of eliciting the 
desired motor imagery performance from participants. Firstly, specific instructions 
about the type of motor imagery to be performed were given to participants to ensure 
that ‘kinaesthetic’ or first-person imagery was used rather than visual imagery. 
Secondly, occasional catch trials were included as a behavioural control whereby, 
following the response period, participants were instructed to press a response button 
with the finger that was last in contact with the thumb (either overtly or imagined).
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This acted as a further incentive for participants to stay concentrated during the 
imagination task.
Despite these alterations to the experimental design, the logic and timing of the S l-  
S2 paradigm was preserved from Study 1. In addition to the distinction between 
simple and complex movements in the present study, responses were performed (or 
imagined) using either the left or right hand and advance information about the 
required response-hand was provided by the prime stimulus (SI) in the same manner 
as Study 1 (see 3.3.3 Methods). This allowed the study of the effects of advance 
information about movement complexity to be complemented by a study of 
lateralised potentials reflecting hand-specific preparation during the foreperiod. 
Maintaining the foreperiod duration and arrowed prime stimuli used in Study 1 
means that the previously established dipole source model of lateralised attentional 
and motor-related activity remains a good basis for the investigation of lateralised 
potentials in the present study. Comparing lateralised potentials reflecting motor 
preparation and related spatial attention processing prior to movement execution and 
imagination provides a broader context for investigating underlying similarities in 
these modes of movement. Previous studies examining preparation for imagined 
movements (Caldara et al., 2004; Cunnington et al., 1996; Jankelowitz & Colebatch,
2002) have used a warning signal specifying the mode of movement (execution or 
imagination) but not one in which information about specific parameters of 
movement (e.g. complexity or response hand) are provided.
In addition to event-related potentials (ERPs), which reflect the summation of 
transient post-synaptic activities in cortical cells, a further technique for the 
description of neural processing is event-related desynchronisation/synchronisation 
(ERD/ERS). ERD/ERS represent a decreased/increased synchrony respectively of 
underlying neuronal populations and are measured as changes in power of oscillatory 
cortical rhythms in particular frequency bands (Pfurtscheller &  Lopes da Silva, 
1999). Preparation and execution of movements is commonly accompanied by an 
ERD  in the alpha (or mu) and beta frequency bands. Beta ERD  (-15 -3 0  Hz), 
typically observed over central scalp regions, in particular has been associated with 
the functional recruitment of neural populations in sensorimotor areas (Leocani et al.,
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2001; Salmelin et a l, 1995) and has also been observed in studies of motor imagery 
(Pfurtscheller et al., 2005; Pfurtscheller et al., 1997). These modulations in 
oscillatory activity are slower to develop than ERPs and are well suited to studying 
activity sustained over a period of time. An extended variable trial-to-trial interval 
was incorporated into the present study (see 3.3.3 Methods) to allow for the analysis 
of ERD/ERS activity during the sustained movement/imagery phase as a means of 
assessing differences in neural activity between task conditions. This is particularly 
relevant in the imagery context where there is no means of assessing performance 
behaviourally. Although the main focus of the present study was the preparation 
phase, it is important to compare execution and imagery activity in the active phase 
as any differences here will naturally be reflected in preparation for the task.
3.3.2. Study aims
Study 3 had two main research aims:
• Compare modulation of foreperiod preparatory activity elicited by the 
provision of advance information about task complexity in a motor execution 
and imagery task. Prime stimuli always provided information about response 
hand and additionally were either fully informative about movement type 
(simple, complex) or indicated an upcoming movement of unspecified 
complexity (an ambiguous prime). It was hypothesised that similar 
modulations in foreperiod activity would be demonstrated prior to executed 
and imagined responses.
• Provide a detailed comparison of lateralised foreperiod activity prior to 
executed and imagined movements elicited by a prime for response hand. It 
was hypothesised that similar motor-related and spatial attention components 
would be elicited by a prime for movement in both an execution and 
imagination context.
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3.3.3. Methods
3.3.3.1. Participants
Twelve students, four males and eight females (mean age 24.6, sd 5.6), all right- 
handed (mean handedness quotient 88.7 (Oldfield, 1971) ), participated in two 
two-hour sessions on consecutive days. Participation was rewarded with a course 
credit or paid at £5/hr. An additional £5 bonus was paid across the whole study if  
participants showed good adherence to task instructions. The study was approved by 
the University of Surrey Ethics Committee and informed written consent was signed 
prior to participation. All participants had normal or corrected-to-normal vision.
3.3.3.2. Experimental paradigm
The study consisted of two sessions on consecutive days. In one session participants 
executed sequential fmger-thumb oppositions with the left or right hand, in the other 
session participants were asked to imagine performing the same movements. The 
order of the sessions was counterbalanced across participants. In the imagination 
session participants were instructed to use kinaesthetic rather than visual imagery, 
i.e. to bring to mind the feeling of their own fingers performing the movements.
Participants sat in a small, dimly lit room (2.5 x 3.5m) at a viewing distance of 70cm 
from a 19” screen. They placed their hands in a relaxed, comfortable position on the 
desk in front of them at a horizontal distance of 30cm. Their palms faced upwards so 
they felt no tactile stimulation from the desk on their fingers. A  classical S1-S2  
motor priming paradigm was used. Trials began with presentation of a central 
fixation cross (0.4° x 0.4°). After ls a warning stimulus (SI) was presented 
instructing participants to prepare for movement (or imagination). The preparatory 
period was 1300ms after which the response stimulus (S2) was presented cueing 
movement (or imagination) onset. S2 were coloured block arrows (1.6° x 0.8°, Figure 
3-7). The direction of the arrows specified movement with the left or right hand and
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the colour indicated either a simple or complex movement. Simple movements were 
six repetitions of an index finger to thumb opposition. Complex movements were the 
following sequence of thumb-finger oppositions: index finger twice, middle finger 
once, ring finger twice, little finger once. Movement duration was two seconds, after 
which a red square stimulus (0.8° x 0.8°) indicated movement should be stopped. In a 
training period before recording, participants practised timing the execution or 
imagination of these movements so that the whole sequence of six oppositions was 
completed as the stop stimulus appeared. Participants were specifically instructed to 
stop movement or imagination when the stop stimulus appeared even if they had not 
completed the sequence. A  varying time interval (2.5s, 3s, 3.5s or 4s) elapsed before 
presentation of the next trial. The entire trial sequence is shown in Figure 3-7.
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Figure 3-7. Experimental design. (A ) Experimental conditions and associated stimuli. SI and S2 
arrow stimuli are shown followed by the required tapping sequence. Shades o f grey represent different 
arrow colours (blue, pink and green) per condition (counterbalanced across participants). Total trial 
counts are shown below the condition name for left (L ) and right (R ) hands. Grey dots next to the 
fingers indicate the thumb-finger tap sequence in each condition. (B ) An example trial sequence 
showing a complex left hand trial.
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SI were coloured thin arrows (1.6° x 0.8°, Figure 3-7). There were three preparation 
conditions: simple (SIM), complex (COM) and ambiguous (AMB). In the SIM and 
COM  conditions full information about the upcoming movement was provided with 
arrow direction and colour 10 0 %  predictive. In the AMB condition arrow direction 
was predictive but colour was uninformative. A  simple or complex movement 
followed with equal likelihood in the AM B condition. Three colours (blue, pink and 
green) were used and the assignment of colour to preparation condition was 
counterbalanced across participants. In addition to these movement conditions, a 
control condition (NO) was used. In the NO condition, SI and S2 were white arrows 
which pointed inward toward each other. Participants were instructed simply to 
watch the screen and remain motionless during these trials. All stimuli were 
presented centrally for a duration of 150ms and the fixation cross remained on-screen 
throughout stimulus presentation. Participants were instructed to keep their eyes on 
the fixation cross and to minimise blinks, particularly in the preparation period.
Initially, participants had a training period of approximately five minutes where they 
practised timing movements and familiarised themselves with the stimulus-response 
combinations. In the imagination session participants practised imagining the 
movements and learned, via feedback from the experimenter who watched the EM G  
on-screen, to perform imagination without any lower limb muscle contraction. The 
main experiment comprised eight blocks of trials, each containing 16 trials of each 
preparation condition (split equally into left and right-hand movements) and 8 rest 
trials presented in a random order. This yielded a total of 128 trials per preparation 
condition (64 left-hand, 64 right-hand) and 64 rest trials. To help participants 
maintain concentration during the imagination session, an additional four catch trials 
were presented randomly within each block. In these trials, a question mark (0.8° x 
0.8°) was presented instead of the red square following the imagination period. This 
instructed participants to press a key with the finger they last imagined to be in 
contact with the thumb. For consistency, catch trials were also included in the 
execution session. The catch trials were excluded from data analysis.
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3.3.3.3. Electrophysiological recording and processing
Electroencephalographic (EEG) signals were continuously recorded from Ag/AgCl 
electrodes using a 64-channel QuickAmp amplifier (Brain Products; 
http://www.brainproducts.com). Electrodes were positioned according to the 
international 10-10 system (see Appendix A). Electrodes were recorded against an 
average reference calculated by the amplifier hardware. Vertical (VEOG) and 
horizontal (HEOG) electrooculographic signals were recorded bipolarly using 
electrodes above and below the left eye and from the left and right outer canthi, 
respectively. EM G was recorded bipolarly from electrodes positioned over the right 
and left forearm (flexor digitorum). Data was sampled at 500Hz and recorded in D C  
mode. Electrode impedances were kept below 5kOhm. Data was analysed offline 
using BrainVision Analyser (Brain Products; www.brainproducts.com) software. 
EM G was digitally filtered (high-pass 30Hz, low-pass 50Hz, 12dB/oct). Eye-related 
artifacts were removed from E E G  signals using IC A  analysis (Jung et al., 2000). The 
data was segmented into condition-specific 8s epochs from 2500ms pre-S2 to 
5500ms post-S2. Epochs were visually inspected and rejected if  contaminated by 
artifacts. Additionally, epochs were rejected if  EM G activity was present during the 
foreperiod and, in the imagination session, if  present in the imagination period. An 
automatic detection algorithm was used to determine the presence of EM G activity 
using a threshold method (Hodges & Bui, 1996). Per epoch, the mean and standard 
deviation (sd) of EM G activity in the baseline period (ls prior to S I) were calculated. 
A  sliding 25ms window was used iteratively in the test period to calculate mean 
EM G activity. Significant EM G activity was defined as activity lying a specified 
multiple of sds away from the baseline mean. The sd multiple in the calculation 
(range 2-3) was tailored for each participant by calibrating the algorithm using their 
overt execution period. EM G activity flagged by this algorithm was also manually 
checked for false positives. On completion of artifact rejection, a minimum of 7 7 %  
of trials were retained for further analyses, yielding, on average, 98 epochs per 
preparation condition (split equally into left and right-hand trials) and 49 rest epochs 
per participant.
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3.3.3.4. C N V
For the analysis of CN V , epochs were digitally filtered (high-pass 0.01 Hz, low-pass 
25Hz, 24dB/oct). Epochs were averaged and baseline-corrected (using a 200ms 
period pre-Sl) to yield stimulus-locked ERPs for each condition. Lateralised 
potentials (ERLs) were calculated using a two-step calculation (Coles, 1989). Firstly, 
activity at electrodes sites ipsilateral to the response hand was subtracted from that of 
homologous electrodes on the contralateral side. This difference waveform 
represents asymmetric activity for one hand. Secondly, the difference waveforms for 
each pair (e.g. C3/C4) are averaged across left and right tasks to remove asymmetric 
activity that is common to the two conditions. The resulting average waveform 
captures only activity that is specific to a particular response hand.
3.3.3.5. ERD/ERS
Firstly, to determine the peak reactive frequency ranges, a discrete Fourier transform 
calculated spectral power for a baseline period in the NO condition (3000 - 4024ms 
post-S2) and a task-related period in each of the movement conditions (0 - 1024ms 
post-S2). (Task -  baseline) power was calculated per epoch and a single-sample 1 - 
tailed t-test tested grand average power differences against zero (9 5%  confidence). 
These revealed significant task activations in the alpha ( 10 -12  Hz) and beta (17-26  
Hz) ranges. This study is primarily concerned with activity related to motor- 
processing and subsequent analysis concentrated on the beta frequency band only. 
ERD/ERS power changes were calculated according to the classical method 
(Pfurtscheller & Lopes da Silva, 1999). Epochs were digitally filtered in the 17-26  
Hz range (48dB/oct), Samples were then squared and averaged across trials. Power 
amplitudes for each electrode (A) were normalised by calculating percentage power 
changes as a ratio of the average power in a 1500ms baseline period (R) in the 
control condition (3000-4500m s post-S2). Thus % E R D /E R S  is calculated as 
(A - R)/R x 100. Negative percentages indicate a power decrease (desynchronisation) 
and positive percentages indicate a power increase (synchronisation).
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3.3.3.6. Source analysis
Source analysis was performed on the foreperiod E R L data using the anti-symmetric 
method described by Praamstra et al. (1996). For each electrode pairing the data is 
copied back to the original electrodes with polarity reversed for one hemisphere. For 
example data from the C3/C4 pairing is assigned to C3 and the inverted data 
assigned to C4. This results in anti-symmetrically distributed scalp data with an 
improved signal-to-noise ratio of V2. Prior to source analysis of the anti-symmetric 
data the symmetry of the left and right-task difference waveforms was assessed. A  
single left minus right-task subtraction was calculated and amplitude differences at 
homologous electrodes sites (e.g. C3/C4) were statistically tested (paired t-test, (cf. 
Oostenveld et al., 2003) ) across hemispheres and amplitudes at midline sites tested 
for deviation from baseline. As these tests showed no significant asymmetry, the 
anti-symmetric data was used for the subsequent source analysis. Source models and 
waveforms were obtained using Brain Electromagnetic Source Analysis software 
(BESA, version 5.1; www.besa.de). A  four-shell spherical head model (brain, skull, 
cerebrospinal fluid and scalp) was used as an approximation for dipole fitting. 
Digitized electrode positions were recorded from each participant using a Polhemus 
Fastrak Digitizer (www.polhemus.com). 3D locations for each electrode site were 
averaged across participants and imported into BESA  for dipole localisation. Source 
locations are described in Talairach-Tournoux coordinates. The detailed process of 
deriving the foreperiod source model is described in the results.
3.3.3.7. Data analysis
Foreperiod C N V  was statistically analysed using mean amplitudes pooled from 
fifteen pre-selected electrode sites over sensorimotor areas (FC1-4, FCz, C l-4 , Cz, 
C P I-4, CPz). Two 300ms time windows were selected for analysis: early (700- 
1000ms post-Sl) and late (1000-1300ms post-Sl). A  three-way A N O VA  (session by 
condition by time) assessed mean amplitude differences. Topographical analysis was 
performed by defining a 5 x 5 grid of electrodes over the centre of the head covering 
the peak distribution of C N V  activity (see Figure 3-10). This grid specified electrode
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X  (medial-lateral) and Y  (anterior-posterior) position. 100ms time windows during 
the early and late C N V  were selected for topographical analysis. A  four-way 
A N O VA  (session by time by X  by Y) assessed topographical differences per 
condition. This was followed up by post-hoc three-way ANOVAs (session by X  by 
Y) on individual conditions and windows. Normalised data (using the vector-length 
method, (Wilding, 2006)) was used to account for amplitude differences in the two 
sessions. Both uncorrected and Bonferroni corrected results are reported.
E R L  data was analysed using mean amplitudes in selected time windows pooled 
from electrode clusters at three sites: anterior (F3/4, F5/6, FC3/4, FC5/6), 
frontocentral (FC1/2, FC3/4, C l/2 , C3/4) and posterior (P3/4, P5/6, P03/4, P06/7). 
Clusters were based on grand average electrical foci of distribution of components 
(Figure 3 -11). Time windows were selected as 100ms intervals around peak 
component activity: A D A N  (350-450ms), LD AP (500-600ms) and motor-related 
(1200-1300ms). A  four-way A N O V A  (session by site by condition by window) 
assessed lateralised component differences. This was followed by single-sample 
contrast t-tests to test individual E R L  amplitude deviations from baseline.
ERD  power differences were analysed using a Is time window (500-1500ms post- 
82) selected in the middle of the movement/imagination period. This minimised the 
contribution of S2 presentation and variations in movement offset to the analysed 
power values. A  one-way A N O V A  (factor condition) assessed power differences 
pooled from fifteen sensorimotor electrodes selected to be the same used as those for 
ERP analysis (see above).
In all analyses ANO VAs were Huynh-Feldt adjusted as appropriate (corrected d.f.s 
reported). Specific post-hoc corrections are reported where necessary.
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3.3.4. Results
3.3.4.1. CN V
In both sessions, during the foreperiod a slow-rising negativity peaking at S2 
presentation was observed over central electrodes in all conditions (Figure 3-8). At 
S2 presentation the NO condition amplitude stabilised at baseline whilst SIM, AMB  
and COM conditions showed greater negative amplitudes respectively. Amplitudes 
in these conditions were attenuated in the imagination session compared with the 
execution session, particularly in the late time window.
S1 S2
0 200 400 600 800 1000 1200 1400 [ms]
S1 S2
 NO - A M B --------- SIM --------  COM
Figure 3-8. Grand average foreperiod C N V  at electrode sites FCz, Cz and CPz and pooled over fifteen 
central electrode sites (FC1-4, FCz, C l -4, Cz, CP 1-4, CPz) in each condition. Shaded bars indicate 
two 300ms time windows selected for formal analysis o f early and late C N V . Results are shown for 
(A ) execution and (B ) imagination sessions.
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Figure 3-9. Grand average C N V  amplitude pooled over fifteen central electrode sites (FC1-4, FCz, 
C l -4, Cz, CP 1-4, CPz) in each condition for two selected 300ms time windows. Significant 
differences are indicated at the 0.05 (* ) , 0.01 ( * * )  and 0.005 ( * * * )  level. Error bars show ±1 standard 
error. Results are shown for (A ) execution and (B ) imagination sessions.
The mean amplitude of the C N V  in two selected time windows (see 3.3.3 Methods) 
was calculated for formal analysis (Figure 3-9). Amplitude differences were tested 
using a three-way A N O VA  with factors session (execution, imagination), time 
(early, late) and condition (NO, AMB, SIM, COM). As expected, this revealed a 
main effect of time [F(l, 11) =  34.9, p < 0.001] with amplitudes becoming more 
negative over time.
Further, there was an interaction of session x time [F(l, 11)  = 24.1, p < 0.001] 
indicating that, across conditions, the change in amplitude over time is significantly 
different in the two sessions. This confirms the observation of attenuated CN V  
amplitudes later in the foreperiod in the imagination session. There was also a three- 
way interaction of session x time x condition [F(3, 33) = 7.5, p < 0.01]. This complex 
interaction reveals that the pattern of condition differences change across time in a
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significantly different way in the execution and imagination sessions. In the 
execution session, contrast analysis showed the NO condition differed significantly 
from all other conditions in both time windows [Fs(l, 11)  > 15.0, p < 0.005] and that 
SIM and COM were significantly different in the late C N V  only [F(l, 11)  = 9.1, p <  
0.05]. This is consistent with the results of Cui et al. (2000a) who found that the 
distinction between C N V  amplitude for simple and complex tasks was present only 
in the late CN V. In the imagination session, all conditions differed significantly from 
the NO condition in both time windows [Fs(l, 11)  > 5.0, p <  0.05], However the 
significant difference in the SIM and COM conditions present in the late C N V  in the 
execution session was not replicated in the imagination data with AM B, SIM and 
COM showing no significant amplitude difference in each time window.
3.3.4.2. C N V  topographies
A  topographical analysis of the C N V  showed an early frontocentral bilateral 
distribution which, in the execution session, became more centroparietally distributed 
towards the end of the foreperiod. This posterior shift of topography, which is a 
classic finding in C N V  studies, was not as pronounced in the imagination session. 
(Figure 3-10).
Normalised data was used for formal comparison of topographies to account for 
overall amplitude differences in the two sessions (see 3.3.3 Methods). Topographical 
differences were tested independently for each movement condition using a four-way 
repeated-measures A N O VA  with factors session (execution, imagination), time 
(6 levels), Y  (5 levels) and X  (5 levels). X  and Y  factors refer to medial/lateral and 
anterior/posterior axes respectively on a 5 x 5 grid of electrodes over the centre of the 
head (see Figure 3-10).
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Figure 3-10. Grand average topographical maps from 100ms time windows during the early and late 
C N V  projected onto a realistic head surface for each condition. Scale is 0.5pV/step. Plotted electrodes 
define a 5 x 5 grid for formal testing o f topographical differences. Starred maps indicate significant 
differences between execution and imagination sessions at the 0.05 ( * )  and 0.01 ( * * )  level 
(uncorrected). Results are shown for (A ) execution and (B ) imagination sessions.
In all three conditions there was a significant time by Y  interaction confirming that, 
across sessions, the distribution shifted along the anterior/posterior axis towards the 
end of the foreperiod [AMB: F(2, 22.3) = 11.9, p < 0.001, SIM: F(1.9, 21) = 22, p <  
0.001, COM: F (1 .7, 18.8) = 15, p < 0.001]. In addition, in the SIM and COM  
conditions, there was a significant time by session by Y  interaction indicating that 
the change in distribution over time was not the same for execution and imagination 
in these conditions [SIM: F(3.2, 35.3) = 2.8, p < 0.05, COM: F(2.8, 30.5) =  3, 
p < 0.05]. Uncorrected post-hoc three-way ANOVAs (session by X  by Y) revealed 
that there were three time windows in which the topographical distribution differed 
along the Y  axis between the execution and imagination sessions. The SIM condition 
showed a significant session by Y  interaction in the 1200-1300ms window 
[F(2.1, 24) = 3.7, p < 0.05]. In the COM condition both the 1 100-1200ms and 1200- 
1300ms window showed a significant session by Y  interaction [F(2.4, 26.2) =  7.7, 
p < 0.005 and F(2.2, 24) = 7 .5, p < 0.005]. After conservative Bonferroni correction, 
results in the COM condition remained significant, whereas the SIM condition 
indicated a trend (p =  0.08).
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Taken together these results show that, in general, the topographical distribution of 
activity in the latter part of the foreperiod is similar* in the execution and imagination 
sessions. The exceptions occurred in the very last stages (-20 Oms pre-S2) of the SIM  
and COM conditions where a more posterior distribution was observed in the 
execution session. This effect was more pronounced in the COM  condition. In the 
NO and AM B conditions there were no significant differences between the 
imagination and execution session in the distribution of activity at the scalp.
3.3.4.3. Lateralised potentials
For the execution and imagination sessions lateralised potentials (ERLs) in the 
foreperiod were calculated for left and right-hand responses in each condition using a 
two-step calculation (see 3.3.3 Methods). The imagination and execution sessions 
showed a similar pattern of lateralised activity in each condition (Figure 3 -11). Three 
lateralised components were identified with distinct latencies and topographies 
during the 1300ms foreperiod. At anterior electrodes a contralateral negativity was 
present with onset -300 ms and peak -400 ms (ADAN). At posterior electrodes a 
contralateral positivity occurred with onset -400 ms and peak -5 5 0  ms (LDAP). 
Finally, in the SIM and COM conditions only, at frontocentral electrodes a rising 
contralateral negativity with onset -6 5 0ms peaked after S2 presentation (motor- 
related).
Differences in these lateralised components were formally tested using a four-way 
repeated-measures A N O VA  with factors session (execution, imagination), site 
(anterior, frontocentral, posterior), condition (AMB, SIM, COM) and window 
(3 levels). As the three components occur at different latencies and electrode sites the 
important results from this analysis are any interactions involving factors site and 
window. There was a significant window by site interaction [F(1.9, 20.6) = 6.8, 
p <  0.01] confirming that, across sessions and conditions, the distribution of activity 
differs in the three time windows.
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Figure 3-11. Waveforms and topographies o f foreperiod lateralised components. (A  and C) ERL  
waveforms in the execution and imagination sessions respectively pooled over four electrodes at 
anterior, posterior and frontocentral sites. Grey bars indicate 100ms windows around peak component 
activity. (B and D ) Scalp distributions o f components averaged across 100ms windows in the 
execution and imagination sessions respectively. Maps were produced using Brain Vision Analyser by 
spherical spline-interpolation. Plotted electrodes are those used for average waveform analysis o f each 
component.
There was no session by window by site interaction (p = 0.55) indicating that, across 
conditions, there was no significant difference in the components between the 
execution and imagination session. There was also no session by condition by 
window by site interaction (p = 0.85). This confirms formally what is shown in 
Figure 3 -11 . In each condition individually the distribution and amplitude of
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components over time is similar in the execution and imagination sessions. Finally, 
there was a significant condition by window by site interaction [F(5.7, 63.2) = 2.6, 
p < 0.05] showing that, across sessions, the pattern of foreperiod activity is different 
per condition. To investigate these differences individually, one-sample contrast 
t-tests were used to test E R L  amplitude deviations from baseline.
Mean E R L  amplitudes per window and condition are shown for each session in 
Figure 3-12. Significant deviations from baseline are indicated at each of the three 
electrode sites. This shows the expected pattern whereby, in both sessions, absolute 
component amplitudes are significantly above baseline at their respective sites and 
windows in all conditions. The exception to this is the AMB condition where there is 
no significant activity in the latest time window at any site. This accounts for the 
three-way interaction effect in the A N O VA  described previously. Figure 3 -12  also 
highlights some' overlapping of components. In the latest time window anterior 
electrodes showed attenuated but significant activity in addition to the expected 
ffontocental activity. This is most likely due to the spatial overlap between anterior 
and frontocentral electrode locations -  an explanation that is supported by the 
corresponding lack of anterior activity in the AM B condition in this window. Finally, 
there is significant posterior activity in the earliest time window reflecting the 
temporal overlap of A D A N  and LD AP components (as shown in Figure 3 -11).
These results go some way towards revealing the similarity in the lateralised brain 
activity recorded during the foreperiod in the execution and imagination sessions. 
The advantage of the high-density E E G  configuration used in the present study is 
that a traditional analysis of mean amplitude differences at selected electrode sites 
could be augmented by dipole source modelling which utilises data from all 
electrodes across the scalp. E R L  foreperiod components, showing distinct latencies 
and distributions, are particularly suited to this technique.
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Figure 3-12. Mean ERL amplitudes per condition in selected 100ms windows at anterior, frontocentral 
and posterior electrode sites. Graphs read left to right from earliest to latest time window. Significant 
deviations from baseline amplitude are marked at the 0.05 ( * )  and 0.01 ( * * )  level. Results are shown 
for (A ) execution and (B ) imagination sessions.
3.3.4.4. Dipole source analysis
Inverse modelling of the data was performed identically for the execution and 
imagination sessions using the anti-symmetric technique of Praamstra et al. (1996) 
described earlier (see 3.3.3 Methods). Source localisation is best suited to data with a 
good signal to noise ratio and due to the similarity of components in the SIM and 
COM conditions (Figure 3 -11), the two conditions were averaged to provide data for 
the source modelling. To model the early overlapping components two symmetrical 
dipole pairs were fitted simultaneously over the interval 300-550 ms covering the 
onset and peak of both components2. These dipole pairs localised initially to frontal 
and occipitotemporal areas. Sources were subsequently fine tuned by fitting each pair 
individually (with the other held constant) over intervals from component onset to 
peak (300-400 ms and 400-550 ms respectively). Another symmetric dipole pair was 
fitted over the late time window (1200-1300ms) at peak foreperiod component 
activity. Due to the spatial overlap of the A DAN and motor-related distributions this
2 Initial component source locations prior to fitting were seeded from the source model previously 
reported in Study 1 o f this thesis.
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last pair was fitted with the early A D A N  source pair disabled. This approach is 
justified by the clear temporal separation of the components (Figure 3 -11  and Figure 
3-12).
The resulting source models for the execution and imagination sessions are shown in 
Figure 3-13. The similarity between sessions in source locations and waveforms for 
each component is evident, accounting for data with a residual variance of 13 .7 %  and 
9.6% in the execution and imagination sessions respectively. The A D A N  source is 
located in lateral premotor areas [EX: x = ±30, y =  1, z =  51; IM: x =  ±27, y =  2, z =  
53]. The LD AP source is located in occipitotemporal regions [EX: x =  ±33, y = -58, 
z =  4; IM: x = ±37, y =  -54, z =  -2]. The motor-related source is located in superficial 
sensorimotor areas anterior to the central sulcus [EX: x =  ±47, y =  -17 , z = 53; IM: 
x =  ±37, y = -15 , z =  63]. The motor-related source pair is the most dissimilar 
between the execution and imagination session with the imagination source lying in 
more medial and superficial areas. This may be indicative of differential 
contributions of secondary and primary motor cortex to late preparatory activity in 
the two sessions, although the spatial sensitivity of E E G  data is not sufficient to draw 
firm conclusions regarding this distinction.
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Figure 3-13. Dipole source analysis o f foreperiod lateralised activity. Above: Source locations shown 
in an average BESA head model. Sources in one hemisphere only are shown for ERL data. Below: 
Source waveforms for the A D A N  (A ), LDAP (L ) and motor-related (M ) components. Source 
locations are shown as [x, y, z] in Taliarach-Toumoux coordinates. Shaded bars indicate 100 ms 
windows around peak component activity. Results are shown for (A ) execution and (B ) imagination 
sessions.
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3.3.4.5. ERD/ERS
The present study design allowed not only the study o f ERPs but the complementary 
analysis o f modulations in oscillatory activity. Specifically, motor preparation and 
execution has been repeatedly found to yield event-related desynchronisation (ERD) 
o f oscillatory activity in the beta range over central electrode sites (Leocani et al.,
1997). This beta suppression is thought to reflect the recruitment o f populations o f 
neurons in the motor cortex and therefore to index cortical activity during a task 
(Pfurtscheller &  Lopes da Silva, 1999).
The modulation o f oscillatory activity takes longer to develop than changes in the 
ERP meaning that ERD/ERS analysis is most useful for examining sustained rather 
than transient activity. For this reason, ERD/ERS was analysed here during the 
movement/imagination phase post-S2. To simplify the analysis, the AMB condition 
was not included as this is a condition that has most relevance during the foreperiod.
In both sessions, SIM and COM conditions showed a beta ERD developing over 
central electrodes during the foreperiod which was sustained over the movement 
period. The ERD power was attenuated in the imagination data. In the execution 
session, this ERD was followed by a clear ERS after movement offset, whilst an ERS 
following imagination offset was not so evident w ith only a very transient peak 
below baseline over central electrode sites. In both sessions, the control (NO) 
condition remained at baseline throughout the trial except for peaks following 
stimulus presentation (Figure 3-14).
Figure 3-14 shows that, in both sessions, there is a difference in beta ERD power 
between SIM and COM conditions but that ERS power is very similar in the two 
conditions. These observed ERD differences in the movement period was formally 
tested by calculating mean ERD power over a Is time window in the middle o f this 
period (to minimise the effects o f S2 presentation and varying movement offsets). A  
two-way repeated-measures ANOVA w ith factors session (execution, imagination)
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and condition (NO, SIM, COM) showed a significant main effect o f condition 
[F(2, 22) = 15.3, p < 0.001] but no interaction effect [p = 0.16]. This confirms that 
the observed pattern o f condition differences are present in both sessions. Contrast 
analysis revealed the same pattern in both sessions, with significant differences 
between the NO and both movement conditions [EX: Fs(l, 11)> 11, p < 0.01, IM: 
Fs(l, 11) > 8 , p < 0.05] and between the SIM and COM condition [EX: F (l, 11) =
5.4, p < 0.05, IM: F (l, 11) = 6.8, p < 0.05]. A main effect o f session indicated a trend 
[p = 0.068] towards reduced ERD power in the imagination session.
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Figure 3-14. Grand average beta ERD/ERS (17-26 Hz) at central electrode sites. (A and C) 
Waveforms at lateralised electrode sites C3 and C4 in the execution and imagination session 
respectively. (B and D) Waveforms pooled over fifteen central electrode sites (FC1-4, FCz, C l-4, Cz, 
CP 1-4, CPz) in the execution and imagination sessions respectively. Negative values indicate a power 
decrease (ERD) and positive indicate an increase (ERS). Shaded bars show the baseline period 
(baseline calculated from the NO condition) and Is time window during movement used for formal 
comparison. Results are shown for NO, SIM and COM conditions.
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ERD/ERS values at lateralised electrodes showed a differential pattern o f ERD and 
ERS lateralisation (Figure 3-14). During the movement period, ERD was bilateral 
w ith left and right-hand traces showing similar power at lateral sites. Topographic 
maps showed similar distributions o f ERD in the SIM and COM conditions 
throughout the movement period (Figure 3-15). Two lateral foci are evident at central 
electrode sites. This pattern was evident in both execution and imagination sessions. 
In contrast, the ERS showed a clear contralateral preponderance, at least in the 
execution data. After movement offset an initia l frontocentrally distributed ERS is 
followed by additional foci at lateral areas corresponding to ERD foci (Figure 3-15). 
Although the ERS showed a small contralateral preponderance in the imagination 
session (particularly evident at the C3 electrode), the amplitude and transience o f this 
activity is highly attenuated compared with the execution session (Figure 3-14). 
After imagination offset a frontocentral positivity indicates an ERS similar in 
distribution to the early ERS in the execution session, however the lateralised ERS 
foci are not present in the imagination session (Figure 3-15).
0-0.5 0.5-1 1-1.5 1.5-2 ... 2 5-3 3-3.5 [s) 0-0 5 0 5-1 1-1.5 1.5-2 ... 2 5-3 3-3.5 |s]
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♦25% ERD HliliM  ^25% ERS *25% ERD HIi IM ♦25% ERS
Figure 3-15. Grand average ERD/ERS topographical maps from 500ms time windows during the 
movement period and after movement offset projected onto a realistic head surface for each condition. 
ERD distributions are similar in the two movement conditions and show two lateral foci at central 
electrode sites. Results are shown for (A) execution and (B) imagination sessions.
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Figure 3-16. Grand average EMG traces for the left and right hand, pooled over all left and right hand 
trials respectively. Results are shown for (A) execution and (B) imagination sessions.
A S1 S2 B S1 S2
Figure 3-17. Grand average HEOG waveforms for left and right-hand trials during the foreperiod 
showing the absence of horizontal eye movements. Data is shown for (A) execution and (B) 
imagination sessions.
3.3.4.6. EMG and HEOG
EMG recording was used to test that participants did not demonstrate anticipatory 
movements in the foreperiod o f the execution session or make inadvertent 
movements any time during the imagination session. Figure 3-16 shows the grand 
average EMG traces separately for the left and right hand, pooled over all left and 
right hand trials respectively. This figure shows the presence o f EMG activity in the 
movement period o f the execution session only as desired.
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Additionally, for confirmation that no horizontal eye movements were present during 
the foreperiod HEOG waveforms are shown in Figure 3-17 for left and right-hand 
trials.
3.3.5. Discussion
The present study used high-density EEG recorded in an S1-S2 response-priming 
paradigm to compare the effects o f providing advance information about upcoming 
movements in a movement execution and imagery context. The first aim o f this study 
was to compare modulation o f foreperiod preparatory activity elicited by the 
provision o f advance information about task complexity. This was addressed by a 
study o f foreperiod CNV.
3.3.5.1. Foreperiod CNV
3.3.5.1.1. Execution session
In the execution session, differential modulations in CNV amplitude over central 
regions were observed in the four preparation conditions. As expected, all movement 
conditions showed a greater negativity than the control (NO) condition. AMB and 
COM conditions showed a similar degree o f activity, whilst the SIM condition 
demonstrated a lower amplitude in the late phase. There were no significant 
differences between movement conditions in the early part o f the CNV. The greater 
negativity observed in the COM compared w ith the SIM condition in the late CNV 
conforms well to the findings o f Cui et al. (2000a) and demonstrates that information 
about complexity o f an upcoming movement affects late preparatory processing prior 
to movement onset. This may reflect a number o f different aspects o f preparation for 
the more complex task, for example a greater cognitive demand for tim ing and 
performing the sequence o f movements and more widespread activation in motor 
cortices due to the involvement o f more fingers.
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An unexpected result was found for the AMB condition which showed a comparable 
CNV amplitude over central areas to the COM condition. Previous studies have 
found that late CNV amplitude increases w ith the amount o f information provided by 
SI (Leuthold &  Jentzsch, 2001; U lrich et al., 1998; W ild-W all et al., 2003). This is 
partly attributed to a greater degree o f motor pre-programming in the foreperiod 
associated with prior knowledge about which particular movement to perform. Based 
on this evidence, it was predicted that in the AMB condition, where participants had 
no knowledge o f whether the required movement sequence would be simple or 
complex, CNV amplitude would be reduced in comparison to the SIM and COM 
conditions where the movement is fu lly  specified. However, a simple relationship 
between amount o f advance information and CNV amplitude cannot always be 
assumed. Jentzsch et al. (2004) found comparable CNV amplitudes following an 
ambiguous prime and one that fu lly  specified either response hand or direction o f 
movement. Although the combination o f conditions is not identical to those used 
here, this result demonstrates that CNV amplitude is not necessarily decreased with 
less available information. Jentzsch et al. (2004) explained this finding in terms o f 
multiple response preparation, whereby two responses on different hands are 
prepared in parallel when ambiguous information is given. The idea o f preparing 
responses in parallel had previously been suggested by Rosenbaum &  Kornblum 
(1982), however it is important to note that their data suggested that this was only the 
case when responses were on different hands. In the present study, unlike Jentzsch et 
al. (2004), the ambiguous information was with regard to task complexity, not 
response hand, and i f  participants prepared multiple responses in parallel they would 
need to do so for the same response hand.
It could be speculated, due to the sim ilarity in CNV amplitude in the AMB and COM 
conditions, that participants adopt a ‘worst-case scenario’ preparatory strategy 
whereby, in the absence o f complexity information, participants prepare the more 
d ifficu lt response (a complex movement). Based on this speculation, topographical 
distribution and lateralised activity would also be predicted to be similar in the AMB 
and COM conditions - however, this is not the case. Topographies in the latter part o f 
the foreperiod show quite different distributions in the COM and AMB conditions
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(Figure 3-10) and lateralised potentials demonstrate an absence o f late lateralised 
activity in the AMB condition (Figure 3-11).
When interpreting CNV effects in the AMB condition it is worth taking into account 
that this is the only condition in the present study in which the S2 stimulus provides 
information over and above that given by SI. This may have resulted in enhanced 
anticipation o f this stimulus in the AMB condition, contributing to an enhanced late 
CNV amplitude. It is thought that there is a non-motoric as well as a motoric 
contribution to the late CNV in the S1-S2 paradigm (Brunia, 1988) and it is possible 
that the effect shown in the AMB condition reflects partly non-motoric processing 
related to the upcoming imperative stimulus. Whilst this serves as a reasonable 
explanation for the pattern o f activity observed in the execution session, an effect due 
to non-motoric aspects o f the AMB condition would also be expected in the imagery 
session as this effect would presumably be independent o f the mode o f movement. 
By contrast, the AMB condition shows the least amplitude in the imagery data 
although differences in this session between the three movement conditions are not 
significant.
3.3.5.1.2. Imagery sesssion
The novel findings o f this study are the comparison o f effects o f advance information 
about movement complexity and response hand in the execution and imagery 
sessions during the preparatory phase. Analysis o f foreperiod CNV in the imagery 
session show a different pattern from the execution session in the late part o f the 
foreperiod. A ll imagery conditions displayed a greater CNV amplitude than the NO 
condition during the early and late CNV in line with the execution session (although 
amplitudes were attenuated by comparison). In contrast to the execution data, the late 
CNV amplitudes in the AMB, SIM and COM conditions showed no significant 
differences. Firstly, these results demonstrate preparation for imagination o f 
movement over and above that associated w ith stimulus anticipation and general task 
arousal (as indexed by the control condition) in line w ith previous work (Caldara et 
al., 2004; Cunnington et al., 1996; Janlcelowitz &  Colebatch, 2002). Secondly, in the
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late stages o f this preparatory period, which is affected by information about task 
complexity when executing movements, the different imagery conditions are not 
distinguishable in terms o f CNV amplitude. It was predicted, based on the idea that 
underlying neural representations o f movement are activated during the production 
o f an imagined movement, that similar modulations o f CNV activity with advance 
information about movement complexity would be observed in the execution and 
imagination sessions. However, unlike executed movements, the present study 
demonstrated that manipulating information about movement complexity did not 
affect late CNV amplitude prior to imagined movements.
There are possible methodological explanations for the lack o f late CNV differences 
in the imagery session. The simplest explanation is that participants are unable to 
effectively distinguish between imagery o f the simple and the complex task and 
perform the same in either condition during the ‘active’ imagination period. This 
would account for similarities in the preparation for this activity. However, the ERD 
evidence reported here argues against this interpretation (see 3.3.5.4 ERD/ERS). 
Alternatively, it is possible that the absence o f a significant difference between the 
SIM and COM conditions results from the overall attenuation o f activity in the 
imagination session. Figure 3-9 shows a small difference between the SIM and COM 
conditions in the imagination session in the predicted direction. It could be argued 
that any significant difference in the two conditions has been masked by an overall 
reduction in effect magnitude. However, attributing the absence o f condition effects 
in the imagination data to overall attenuation o f activity is not a sufficient 
explanation. Figure 3-9 also indicates that there is a different pattern o f effects in the 
execution and imagination sessions w ith amplitudes in the AMB condition showed 
the least negativity in the imagination session. It is likely therefore that condition 
differences between the execution and imagination sessions are not simply due to an 
overall attenuation o f activity in  the imagination data.
Rather than resulting from methodological aspects o f the experiment, it is argued that 
the discrepancy between preparation for simple and complex movements in the two 
sessions is related to a reduced contribution o f primary motor cortex (M l) to late 
preparatory activity in the imagery session. Generally it is thought that secondary
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motor areas such as the supplementary motor area (SMA) and premotor cortex (PM) 
are more heavily involved in motor preparation than M l (Ball et a l, 1999; 
Crammond &  Kalaska, 1996; Cunnington et al., 2003; Lee et al., 1999; Leuthold &  
Jentzsch, 2002; Toma et al., 2002). However, it has clearly been shown that M l can 
contribute to activity prior to movement onset (Michelon et al., 2006; Simon et al., 
2002; Wiese et al., 2004). Similarly, differences in activation shown between simple 
and complex sequences o f movements are often attributed to secondary motor areas 
(Deiber et al., 1999; Grafton et al., 2002; Haaland et al., 2004; Haslinger et al.,
2002), however there is also evidence o f increased activation in M l with increased 
task complexity (G erloff et al., 1998; Shibasaki et al., 1993; Verstynen et al., 2005). 
In studies o f motor imagery a common finding is attenuated (or even an absence of) 
activity in primary motor areas compared w ith motor execution (Lotze et al., 1999; 
Stephan et al., 1995; Stippich et al., 2002; Szameitat et al., 2007). Results from the 
present study suggest that a differential contribution o f M l in motor imagery is 
evident in the late part o f the preparatory phase as indexed by the CNV. A  
topographical analysis o f foreperiod activity (Figure 3-10) revealed differences in the 
last part o f the foreperiod between execution and imagery sessions w ith a more 
posterior distribution immediately prior to onset o f movement execution. This is 
consistent with the idea o f a reduced contribution o f more posterior (primary) motor 
areas to the activity in the imagery session and mirrors the findings o f Caldara et al.
(2004) who found that a topographical map representing primary motor activity fitted 
late execution preparatory activity significantly better than equivalent imagery 
activity.
3.3.5.2. Lateralised,potentials
The second aim o f this study was to provide a detailed comparison o f lateralised 
foreperiod activity prior to executed and imagined movements elicited by a prime for 
response hand. Typically, a rising contralateral negativity is observed over central 
electrode sites prior to executed movements which is thought to be an index o f motor 
preparation specific to the response hand (Leuthold et al., 1996; Masaki et a l, 2004; 
Muller-Gethmann et al., 2000). In Study 1 o f this thesis it was demonstrated that, in
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addition to this motor-related activity, lateralised components associated with spatial 
attention processing were triggered by a prime informing upcoming response hand.
In the present study a remarkable sim ilarity was evident in the foreperiod ERL 
activity elicited in the execution and imagery sessions. As expected, SIM and COM 
conditions showed a motor-related component manifested as a rising negativity 
begimiing ~650ms post-Sl and peaking after S2 presentation over central electrode 
sites. Surprisingly, this component was absent in the AMB condition despite 
response hand being fu lly  specified in this condition. This is inconsistent w ith 
previous findings using primes that specify response hand only where foreperiod 
ERL activity is s till present albeit attenuated compared w ith a prime specifying fu ll 
movement information (Leuthold & Jentzsch, 2001; U lrich et al., 1998). What is 
most striking about the comparison o f the execution and imagery data is that this 
unexpected result in the AMB condition is present in both sessions. This is good 
evidence that the underlying neural mechanisms preventing hand-specific 
preparation in the AMB condition for executed movements also place a similar 
restriction on preparation for imagined movements. The CNV results suggest that, 
despite not knowing the upcoming movement complexity, participants still show 
preparatory activity for movement in the AMB condition that exceeds that o f the 
control (NO) condition. Therefore an explanation is required for why hand-specific 
preparation was not present in the AMB condition. One explanation may be linked to 
the relatively intricate sequential movements used in this task. When information 
about response hand but not specific movement is known hand-specific preparation 
is lim ited by the lack o f knowledge about what movement to actually make. 
However, i f  the potentially required movements are very similar (for example a 
simple flexion or extension o f the index finger) there may be common hand-specific 
preparatory mechanisms that can be invoked in an ambiguous condition. Perhaps the 
two movement tasks used here are sufficiently disparate that hand-specific 
preparation is not possible without fu ll knowledge o f the upcoming response.
Early lateralised attentional components, namely the ADAN (-300-500ms post-Sl) 
and LDAP (~400-700ms post-Sl), were present in all conditions across sessions. 
Dipole source localisation o f foreperiod lateralised activity yielded very similar
142
solutions in the execution and imagination sessions. Conforming well to the model 
developed in Study 1, attentional (ADAN) and motor-related activity were localised 
to premotor cortical areas w ith generators in regions corresponding to rostral and 
caudal pails o f the dorsolateral premotor cortex respectively (Picard &  Strick, 2001). 
Using a similar S1-S2 paradigm a previous study (Leuthold &  Jentzsch, 2002) 
employed dipole source analysis to distinguish between generators o f lateralised 
activity during the preparatory and execution phases. In line with the present study, 
they localised a source o f preparatory activity in lateral premotor areas but 
additionally showed during execution o f the movement that lateralised activity was 
generated by a source in more posterior regions which they attributed to heavy 
involvement o f the primary motor cortex (M l) at this stage. This evidence supports 
the interpretation that the hand-specific preparatory activity observed in the 
foreperiod in the present study largely reflects activity in premotor areas rather than 
M l. This would explain the good correlation between findings for hand-specific 
preparation in the execution and imagery sessions as premotor and other secondary 
motor areas are commonly found to show activation in motor imagery tasks (for a 
review see Jeannerod, 2001; Kuhtz-Buschbeck et al., 2003; Lotze et al., 1999; 
Stippich et al., 2002).
A  possible contribution o f M l activity to hand-specific preparation in this paradigm 
cannot be ruled out, however. Despite good correspondence between source models 
in the execution and imagery sessions the location and orientation o f the motor- 
related sources are not identical. Additionally, late ERL amplitudes in the imagery 
session show an attenuation compared with the execution data although this effect 
did not demonstrate significance (Figure 3-12). Despite being largely generated in 
premotor areas, the more posterior and lateral location o f the motor-related source in 
the execution session may point to an increased contribution o f M l to this activity 
compared with the imagination session. This interpretation is consistent with 
previous work demonstrating an increased involvement o f M l in executed
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movements compared w ith imagined movements as discussed earlier (see 3.3.5.1 
Foreperiod CNV)?
The close link between hand-specific motor preparation and spatial attention 
processing demonstrated in Study 1 was replicated here for executed movements. A  
centrally presented S1 prime for response hand elicited ERL components associated 
with shifts in spatial attention, despite no explicit attention shifts being required to 
carry out the movement task. Importantly, in the present study, a novel finding was 
that this link was maintained during preparation for imagined movements. Preparing 
for an imagined movement was shown to automatically trigger a shift o f attention to 
the responding hand in a similar manner to preparation for an executed movement. A  
fu ll discussion o f the nature and function o f the attentional ADAN and LDAP 
components is provided in the discussion section o f Chapter Two, however o f prime 
interest here is the generation o f ADAN and motor-related activity in rostral and 
caudal parts o f the dorsolateral premotor cortex (PMd) respectively. Recent 
neuroimaging work has argued for a functional separation o f these two regions o f the 
PMd w ith activity related to cognitive processing such as attention and memory 
largely generated in caudal areas and activity related to motor tasks generated in 
rostral parts (Boussaoud, 2001; Simon et al., 2002). Despite this functional 
distinction these two areas are known to be densely interconnected (Picard &  Stride, 
2001) and this provides an underlying physiological mechanism for the strong link 
demonstrated between motor preparation and attentional activity in Study 1 and the 
present data. It is clear from the lateralised nature o f the attention and motor 
components observed that both sets o f activity elicited relate particularly to one 
response side (as primed by the SI stimulus). For this reason the presence o f these 
attentional and motor-related components prior to imagined movements o f the left or 
right hand provides a broad context for understanding underlying similarities in 
preparation for motor execution and motor imagery. The advantage o f manipulating 
advance information about the upcoming response is that aspects o f movement
3 This interpretation , based on source modelling of the EEG, is necessarily tentative however as the 
spatial sensitivity of this technique.with the electrode configuration used here is not sufficient to 
reliably separate such proximate sources.
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preparation that are dependent on particular movement parameters (in this case 
response hand) can be investigated. Based on the evidence from this study it can not 
only be inferred that motor preparatory activity in the premotor cortex prior to 
executed movements is also present when movements are imagined but that the 
underlying neural generators o f this activity in both cases are sufficiently similar to 
invoke attention-related activity in proximate cortical areas.
3.3.5.3. Implications for the neural simulation theory
The neural simulation theory o f motor imagery (Jeannerod, 2001) postulates that 
motor imagery involves the activation o f existing neural representations o f motor 
actions without actual movement execution taking place. Motor programming theory 
(see, Chapter One) suggests that these underlying neural movement representations 
are realised via pre-programming o f the required parameters o f a movement to form 
a complete neural description o f the motor action that is subsequently executed. The 
neural simulation theory therefore predicts not only the activation o f similar brain 
areas in the production o f an executed or imagined movement, but that effects o f 
manipulating particular parameters o f an executed movement (such as force or 
direction) w ill be sim ilarly demonstrated during motor imagery. Extending this idea 
into the preparatory phase o f movement, it was predicted that similar modulations o f 
preparatory activity due to the provision o f advance information would be observed 
prior to executed and imagined movements.
In general, the evidence reported in the present study is in line w ith the neural 
simulation theory o f motor imagery and suggests that application o f this theory 
extends into the preparatory phase o f movement. Firstly, it was shown that in the S l- 
S2 paradigm a prime for an upcoming imagined movement elicited preparatory 
activity over central sensorimotor areas during the foreperiod over and above that 
shown in a control condition. This is a well-established finding in the context o f 
executed movements and shows that the underlying neural mechanisms that permit 
motor-related preparation w ith advance knowledge o f a movement also serve to 
facilitate preparation for motor imagery. More specifically, it was shown in the
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present study that advance information about response hand (left or right) yielded 
very similar lateralised activity during preparation for executed and imagined 
movements. This provides good support for the neural simulation theory as such 
specific activity in areas contralateral to the hand for which movement is to be 
imagined argues for the activation o f pre-existing neural mechanisms typically 
involved in the hand-specific preparation o f an executed movement.
The provision o f advance information about movement complexity in the present 
study showed that preparation for motor execution and imagery cannot be considered 
equivalent states, however. It is clear that during the active movement phase 
imagination and execution o f responses w ill be distinguished by the absence o f overt 
muscle movements in the case o f motor imagery. This is typically reflected in the 
reduction or absence o f activity during imagined movements in the primary motor 
cortex (M l), thought to be prim arily responsible for executing the desired movement 
(see Jeannerod, 2001). Caldara et al. (2004) showed that the late stages o f 
preparation for imagined movements may also be distinguished from that o f overt 
execution by a reduced contribution o f activity in M l and evidence from the present 
study supported and extended this idea by investigating preparatory activity related 
to particular parameters o f the upcoming response. Based on the results reported 
here, the late stages o f preparation for sequential finger movements appears to partly 
rely on a contribution o f M l that yields differential preparation for a simple or 
complex motor sequence. When responses are to be imagined the absence or 
attenuation o f M l activity means that the late stages o f preparation for a simple or a 
complex response cannot be so readily distinguished.
In summary, support was provided by the present study for the neural simulation 
theoiy as a good theoretical model for the preparation o f imagined movements. 
However, it should be noted that providing advance information about specific 
parameters (complexity, in the present study) o f an upcoming movement can reveal 
mechanisms in the motor system differentially activated during preparation for motor 
execution and motor imagery.
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3.3.5.4. ERD/ERS
ERD/ERS analysis was used in the present study to assess whether differences in 
execution and imagery preparation are related to differences in activity during the 
active movement/imagination phase as indexed by cortical oscillatory modulations. 
During the active phase o f SIM and COM conditions in both sessions a significant 
ERD was present over central electrodes in the beta frequency range. This ERD, 
which was bilateral for left and right hand movements, was followed after movement 
offset by an ERS (known as the beta rebound) with contralateral preponderance in 
the execution session. This is a typical pattern o f results in studies o f oscillatory 
modulations in movement tasks (Pfurtscheller &  Lopes da Silva, 1999). In the 
imagination session this contralateral ERS was weaker and very transient. Although 
a beta rebound has been observed following motor imagery (Pfiulscheller et al., 
2005), the effect was not present in every participant and was not as pronounced as 
w ith motor execution. This is most likely due to the d ifficu lty o f determining exact 
movement offset in imagery tasks. Although participants practised tim ing imagined 
movements to finish when the stop stimulus was presented, this was the part o f the 
task that participants found the most d ifficu lt, w ith many informally reporting timing 
fluctuations in their performance in the imagination session.
The most important result from the ERD/ERS data is the finding that during the 
imagination period there proved to be differential modulation o f oscillatory activity 
in the SIM and COM conditions which matched a similar finding in the execution 
session. This is important because it provides evidence against one explanation for 
the lack o f a difference during the preparatory period in the CNV data for the SIM 
and COM conditions. It could be argued that participants are unable to sufficiently 
distinguish between imagining the simple and complex sequence o f movements and 
therefore end up doing the same in both conditions. Unlike the execution session, 
where a clear difference in the type o f movement performed in the two conditions 
can be observed, there is no way to confirm behaviourally that participants are 
performing the imagery task correctly. However, the difference in ERD power values 
in the SIM and COM imagery conditions suggests that, at the very least, the 
participants are making a distinction between movements performed in the two
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conditions in the imagination period. Therefore, the absence o f a difference in CNV 
amplitude between SIM and COM conditions during the foreperiod cannot be 
attributed to an equivalence o f the two conditions in the imagination period.
3.3.6. Conclusion
The present study compared the effects on preparatory activity in an S1-S2 response- 
priming paradigm o f providing advance information about upcoming simple and 
complex sequential finger movements (o f the left and right hand) in a movement 
execution and imagery context. In general, results supported the theory that motor 
imagery and execution share common neural mechanisms (Jeannerod, 2001) and 
these similarities extend into the preparation phase. This was particularly evident in a 
detailed investigation o f lateralised activity during the S1-S2 interval (foreperiod) 
which suggested that motor imagery and execution elicit shared high-level 
preparatory processing, activating similar underlying functional networks. However, 
it was also demonstrated that preparation for these two modes o f movement cannot 
be exactly equated. Differences in preparation for simple and complex movements in 
the late part o f the foreperiod observed in the execution session were not present for 
motor imagery. It was speculated that this was due to a differential involvement o f 
primary and secondary motor areas in motor execution and imagery w ith the 
contribution o f primary motor areas (M l) reduced in an imagery context. These 
findings extend previous work examining preparation for imagination o f movement 
by elucidating the effects o f providing advance information about parameters o f the 
upcoming movement task. Specifically, a novel finding o f this study was the 
automatic triggering o f attention-related activity by a prime for preparation o f an 
imagined response -  a finding previously established in studies o f executed 
movements.
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Chapter Four: Preparation for observed movements
4.1. Introduction
This chapter reports Study 4 - a follow-up to Study 3 - designed to investigate the 
effects o f advance information about an upcoming movement on preparation for 
observed movements. It was demonstrated in Study 3 that participants showed 
preparatory activity for an imagined movement in the S1-S2 response-priming 
paradigm. Furthermore, it was shown that hand-specific preparation as a result o f a 
prime for response hand was elicited in this mode o f movement and additionally that 
related spatial attention activity was triggered during preparation for imagined 
movements. These findings show that even when a movement is not actually 
executed during the active phase (sometimes termed a ‘covert’ movement), 
preparatory activity related to the upcoming movement can occur. This was 
interpreted as supporting the neural simulation theory o f motor imagery (Jeannerod, 
2001) which supposes that existing underlying neural representations o f movement 
are invoked in an imagery context.
Another movement context in which overt execution o f the movement does not take 
place is that o f movement observation. Pioneering primate work by Rizzolatti and 
colleagues (Gallese et al., 1996) demonstrated activation o f premotor neurons 
sensitive to particular movements when the same movements were observed (so- 
called ‘m irror’ neurons). Subsequently many studies have demonstrated activation o f 
sensorimotor areas o f the brain when movements are observed (for a fu ll discussion 
see Chapter One). This has been shown in EEG (Babiloni et al., 2002; Cochin et al., 
1998; Muthukumaraswamy &  Johnson, 2004), MEG (Hari et al., 1998), TMS (Aziz- 
Zadeh et al., 2002; Maeda et a l, 2002) and neuroimaging work (Buccino et al., 2001; 
Cunnington et al., 2006; Decety et al., 1997; Iacoboni et al., 1999; Suchan et al., 
2008). Interestingly, a similar theory to that o f the neural simulation theory has been 
put forward to explain the presence o f activity in motor cortices when movements are 
observed. Rizzolatti et al. (2001) term this the ‘direct-matching’ hypothesis which
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postulates the mapping o f an observed action onto an internal representation o f the 
same action in the observer’s motor system. The terminology that Rizzolatti et al.
(2001) use is very similar* to that o f Jeannerod (2001) and an ‘ internal representation’ 
o f an action in the direct-matching hypothesis is their term for the underlying neural 
activity that would be invoked were the action to be executed by the observer. They 
speculate that this ‘direct-matching’ occurs in order to facilitate an understanding o f 
the observed action by internally representing it to oneself. Direct support for this 
hypothesis was shown in a recent study by Calvo-Merino et al. (2005) who 
demonstrated that expert dancers exhibit greater activation in premotor areas when 
they observed others performing moves they had been trained in themselves 
compared w ith unfamiliar moves. They conclude that “ ...action observation evokes 
individual, acquired motor representations in the human m irror system.”  (p. 1248).
W hilst motor imagery and observation have both been shown to involve activation o f 
the motor system under conditions in which movement is not overtly executed an 
important distinction may be drawn between the two. Generating an imagined 
movement, particularly using kinaesthetic (first-person) imagery rather than simply 
visualising the movement, can be considered to be a proactive task, the initiation o f 
which involves a w ilfu l act on the part o f the participant. By contrast, it may be 
speculated that observation o f movement is a more reactive (or passive) process with 
the onset o f an observed action acting as a trigger for motor-related cortical activity. 
However, two recent EEG studies (Calmels et al., 2006; Kilner et al., 2004) have 
demonstrated that assuming a passive role for motor cortical areas in the observation 
o f movements may not be a sufficient explanation. Both studies demonstrated 
cortical activation in motor areas prior to movement observation onset comparable to 
that o f a movement execution condition. This is in itia l evidence that prior knowledge 
o f an upcoming movement that is to be observed elicits preparatory activity in 
cortical motor areas.
The preparatory phase o f movement has been shown to be an important part o f the 
generation o f a motor response (for a fu ll discussion see Chapter One). Based on the 
evidence above that preparatory activity for an observed movement can be invoked, 
an opportunity exists to extend an investigation o f the direct-matching hypothesis o f
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observed movements into the preparatory phase. The direct-matching hypothesis 
supposes that existing neural representations o f movement are activated by 
observation o f those same movements and therefore would predict that similar 
preparatory activity would be shown prior to executed and observed movements. 
Specifically, the present study tested the effects o f providing advance information 
about the upcoming movement on the modulation o f preparatory activity by using an 
identical design and matched participant pool to that o f Study 3. Using the same 
experimental design as Study 3 is advantageous as it was shown that preparatory 
activity for a covert movement is elicited in this paradigm in the context o f motor 
imagery.
Whilst similar preparatory activity prior to observed and executed movements can be 
predicted from the direct-matching hypothesis, the findings from Study 3 in the 
context o f imagined movements led to a refinement o f this prediction in the present 
study. It was demonstrated in Study 3 that differences in preparation for simple and 
complex executed movements were not evident prior to movement imagery. This 
was attributed to an enhanced contribution o f primary motor areas to the late stages 
o f preparation for executed movements compared with imagined movements. 
Observed- movements are another mode o f movement where overt execution o f 
action does not take place and activity in primary motor areas is typically found to be 
reduced in comparison to movement execution (Buccino et al., 2001; Cunnington et 
al., 2006; Suchan et al., 2008; for a review see Pomeroy et al., 2005). In the present 
study, therefore, it was hypothesised that observed differences in the late stage o f 
preparation for simple and complex executed movements would not be evident prior 
to observed movements, in line w ith the imagery findings from Study 3.
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4.2. Study aims
Study 4 had two main research aims that were identical to that o f Study 3 except in 
the context o f a comparison between motor execution and movement observation:
• Compare modulation o f foreperiod preparatory activity elicited by the 
provision o f advance information about task complexity in a motor execution 
and observation task. It was hypothesised that advance information about an 
upcoming observed movement would elicit motor-related preparatory activity 
in the foreperiod. However, differences in preparatory activity observed for 
simple and complex executed movements were predicted to be absent in an 
observation context as detailed above.
• Provide a detailed comparison o f lateralised foreperiod activity prior to 
executed and observed movements elicited by a prime for response hand. 
Based on the findings in Study 3 for imagined movements, it was 
hypothesised that similar motor-related and spatial attention components w ill 
be elicited by a prime for movement in both an execution and observation 
context.
4.3. Methods
4.3.1. Participants
Twelve students, four males and eight females (mean age 25.7, sd 5.9), all right- 
handed (mean handedness quotient 87.7, (Oldfield, 1971) ), participated in a single 
two-hour session. Eight individuals had participated in the previous study (Study 3). 
Four participants from the previous study were unavailable and replacements in the 
present study were matched as closely as possible for age, gender and handedness.
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Participation was rewarded with a course credit or paid at £5/hr. An additional bonus 
(maximum £5) was also awarded that was calculated based upon participant’s 
performance in the behavioural part o f the task (see 4.3.2 Experimental paradigm). 
The study was approved by the University o f Surrey Ethics Committee and informed 
written consent was signed prior to participation. A ll participants had normal or 
corrected-to-normal vision.
4.3.2. Experimental paradigm
Participants were instructed to watch two-second long video clips showing sequences 
o f finger movements being performed on-screen via video playback whilst keeping 
their own hands still. Participants sat in a dim ly lit  recording booth (2.5 x 3.5m) at a 
viewing distance o f 70cm from a 19”  screen. They placed their hands in a relaxed, 
comfortable position on the desk in front o f them at a horizontal distance o f 30cm. 
Their palms faced upwards so they fe lt no tactile stimulation from the desk on their 
fingers. An identical S1-S2 paradigm to that used in Study 3 was employed. Again, 
SI was the warning signal instructing the participants to prepare for the upcoming 
observation and S2 cued the onset o f the video playback o f the movement on-screen. 
Conditions (AMB, SIM, COM), tria l numbers and block length were identical to 
Study 3 (see Chapter Three). Again, a simple or complex movement was cued -  
however, the on-screen movements were adjusted slightly from those made in the 
previous study in order to incorporate a behavioural incentive for participants to 
adhere to the observation task. Instead o f fixed, six-repetition, finger thumb- 
oppositions being made as in Study 3, in the present study movements comprised 
five, six or seven finger-thumb oppositions distributed randomly in each condition. 
The distinction between simple and complex movements was maintained w ith simple 
movements involving the index finger only and complex movements involving all 
four fingers. The purpose o f this adjustment was to allow for behavioural catch trials. 
In these trials, just as in the previous study, a question mark was presented instead o f 
the red square following the observation period. In the present study, the question 
mark in  catch trials instructed participants to specify, using designated keys on a 
standard computer keyboard, whether the movement they had just seen consisted o f
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five, six, or seven repetitions. This was to give participants an incentive to keep 
focused on the movements displayed on-screen. Participants were informed that the 
amount o f bonus money available would be calculated based on their performance in 
these catch trials. The catch trials were excluded from data analysis.
Movements were recorded separately for the left and right hands using a Sony DCR- 
HC46E video camera and played back on-screen in A V I format (original recording: 
320 x 240 pixels, size on-screen: 7.3° x 5.5°). Four versions o f each sequence (e.g. 
left-hand, five repetitions, simple movement) were made and the Presentation 
software chose one o f these instances at random to playback in the observation 
phase. This was to ensure that participants did not learn an im plicit association 
between a particular playback and the repetition count. I f  participants were able to 
recognise the first few frames o f a playback as being a particular repetition count 
then they could perform well on the catch trials without observing the whole 
movement, which was not desirable. Throughout the whole experiment, whenever 
playback was not occurring, a static picture o f the left and right hands was present 
on-screen. These pictures were taken from the first frame o f two o f the recorded 
videos and were kept on screen so as not to confound activity related to movement 
onset with that relating to the sudden appearance o f a hand in the left or right visual 
field. The left and right-hand videos were presented laterally w ith respect to the 
central stimuli. The fingers pointed towards the central fixation so the observed 
hands matched the orientation o f the participant’s hands ori the table (see Figure 4-1). 
The videos were played as close as possible to the fixation cross to avoid the need for 
participants to move their eyes horizontally to observe the movements. In itia lly, 
participants had a training period where they familiarised themselves with the 
stimulus-response combinations and movement playback and practiced responses in 
the catch trials. As in Study 3, EMG was recorded and the experimenter checked 
during this training period that participants were not demonstrating muscle 
movements dining the task. The training period lasted an average o f 5-10 minutes 
per participant. An example tria l sequence is shown in Figure 4-1.
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Figure 4-1. An example trial sequence showing a left-hand trial. The display is not shown to scale for 
convenience (see text for dimensions of stimuli).
4.3.3. Electrophysiological recording and processing
Electroencephalographic (EEG) signals were continuously recorded from Ag/AgCl 
electrodes using a 64-channel QuickAmp amplifier (Brain Products; 
http://www.brainproducts.com). Electrodes were positioned according to the 
international 10-10 system (see Appendix A). Electrodes were recorded against an 
average reference calculated by the amplifier hardware. Vertical (VEOG) and 
horizontal (HEOG) electrooculographic signals were recorded bipolarly using 
electrodes above and below the left eye and from the left and right outer canthi, 
respectively. EMG was recorded bipolarly from electrodes positioned over the right 
and left forearm (flexor digitorum). Data was sampled at 500Hz and recorded in DC
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mode. Electrode impedances were kept below 5kOhm. Data was analysed offline 
using BrainVision Analyser (Brain Products; www.brainproducts.com) software. 
EMG was digitally filtered (high-pass 30Hz, low-pass 50Hz, 12dB/oct). Eye-related 
artifacts were removed from EEG signals using ICA analysis (Jung et al., 2000). The 
data was segmented into condition-specific 8s epochs from 2500ms pre-S2 to 
5500ms post-S2. Epochs were visually inspected and rejected i f  contaminated by 
artifacts. Additionally, epochs were rejected i f  EMG activity was present during the 
foreperiod or observation period. An automatic detection algorithm was used to 
determine the presence o f EMG activity using a threshold method (Hodges &  Bui, 
1996). Per epoch, the mean and standard deviation (sd) o f EMG activity in the 
baseline period (500ms prior to S I) were calculated. A  sliding 25ms window was 
used iteratively in the test period to calculate mean EMG activity. Significant EMG 
activity was defined as activity lying a specified multiple o f sds away from the 
baseline mean. The sd multiple (range 2-3) used was that calculated for the execution 
data from Study 3 for those participants who were part o f that study and for new 
participants a mid-range sd multiple o f 2.5 was used. EMG activity flagged by this 
algorithm was also manually checked for false positives. On completion o f artifact 
rejection, a minimum o f 80% o f trials were retained for further analyses, yielding, on 
average, 102 epochs per preparation condition (split equally into left and right-hand 
trials) and 51 rest epochs per participant.
4.3.4. CNV
Identically to Study 3, for the analysis o f CNV epochs were digitally filtered (high- 
pass 0.01 Hz, low-pass 25Hz, 24dB/oct). Epochs were averaged and baseline- 
corrected (using a 200ms period pre-Sl) to yield stimulus-locked ERPs for each 
condition. Lateralised potentials (ERLs) were calculated using a two-step calculation 
(cf. Coles, 1989). Firstly, activity at electrodes sites ipsilateral to the response hand 
was subtracted from that o f homologous electrodes on the contralateral side. This 
difference waveform represents asymmetric activity for one hand. Secondly, the 
difference waveforms for each pair (e.g. C3/C4) are averaged across left and right 
tasks to remove asymmetric activity that is common to the two conditions. The
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resulting average waveform captures only activity that is specific to a particular 
response hand.
4.3.5. ERD/ERS
Firstly, to determine the peak reactive frequency ranges, a discrete Fourier transform 
calculated spectral power for a baseline period in the NO condition (3000 - 4024ms 
post-S2) and a task-related period in each o f the movement conditions (0 - 1024ms 
post-S2). (Task -  baseline) power was calculated per epoch and a single-sample 1- 
tailed t-test tested grand average power differences against zero (95% confidence). 
These revealed significant task activations in the alpha and beta ranges in a similar 
manner to Study 3. The alpha frequency reactive range was very similar in the 
present study to Study 3 (9-12 Hz) but the beta range was slightly narrower (18-22 
Hz). In order to provide suitable data for comparison w ith the previous study it was 
decided to adopt the same frequency range for analysis as Study 3 (17-26 Hz). This 
is an acceptable procedure as the reactive frequency band in the present study is a 
subset o f the wider reactive band displayed in Study 3. Again, subsequent analysis 
concentrated on the beta frequency band only to investigate activity in motor 
cortices. ERD/ERS power changes were calculated according to the classical method 
(Pfurtscheller &  Lopes da Silva, 1999). Epochs were digitally filtered in the 17-26 
Hz range (48dB/oct). Samples were then squared and averaged across trials. Power 
amplitudes for each electrode (A) were normalised by calculating percentage power 
changes as a ratio o f the average power in a 1500ms baseline period (R) in the rest 
condition (3000 -  4500ms post-S2). Thus %ERD/ERS is calculated as (A -  R)/R x 
100. Negative percentages indicate a power decrease (desynchronisation) and 
positive percentages indicate a power increase (synchronisation).
4.3.6. Data analysis
Foreperiod CNV was statistically analysed using mean amplitudes pooled from 
fifteen electrode sites (FC1-4, FCz, C l-4, Cz, CP 1-4, CPz). These sites were chosen 
a priori as electrodes lying over sensorimotor areas (see Appendix A). Two 300ms
157
time windows were selected for analysis: early (700-1000ms post-Sl) and late (1000- 
1300ms post-Sl). A  two-way ANOVA (time by condition) assessed mean amplitude 
differences.
ERL data was analysed using mean amplitudes in selected time windows pooled 
from electrode clusters at three sites: anterior (F3/4, F5/6, FC3/4, FC5/6), 
frontocentral (FC1/2, FC3/4, C l/2, C3/4) and posterior (P3/4, P5/6, P03/P04, 
P06/P07). Clusters were chosen to match those used in Study 3 for comparison with 
movement execution data. Time windows were selected as 100ms intervals, again 
matching those used in Study 3: ADAN (350-450ms), LDAP (500-600ms) and 
motor-related (1200-1300ms). A  three-way ANOVA (session by site by window) 
assessed lateralised component differences. This was followed by single-sample 
contrast t-tests to test individual ERL amplitude deviations from baseline.
ERD power differences were analysed using a Is time window (500-1500ms post- 
82) selected in the middle o f the observation period. This matched the same time 
period used for analysis o f ERD data in Study 3. A  one-way ANOVA (factor 
condition) assessed power differences pooled from fifteen sensorimotor electrodes 
selected to be the same used as those for ERP analysis (see above).
In all analyses ANOVAs were Huynh-Feldt adjusted where appropriate (corrected 
d.f.s reported).
4.4. Results
4.4.1. Behavioural data
For the 32 catch trials in the study (see 4.3 Methods) percentage o f correct responses 
were calculated for each participant (Figure 4-2). Every participant demonstrated 
above chance performance w ith results ranging from 53.1% - 87.5% (mean 70.1, 
sd.11.6). This is evidence that participants were attending to the movements 
consistently during the observation period.
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Figure 4-2. Percentage of correct responses in catch trials per participant. Horizontal dashed line 
indicates chance performance.
4.4.2. CNV
The latter part o f the foreperiod CNV at central electrode sites showed very little  
difference between all movement conditions and the control (NO) condition. 
Condition differences were tested formally using mean CNV amplitude in two 
selected time windows (see 4.3 Methods). A two-way repeated-measures ANOVA 
with factors time (early, late) and condition (NO, AMB, SIM, COM) revealed a main 
effect o f time [F (l, 11) = 13, p < 0.01] with amplitudes generally becoming more 
negative over time. There was also a main effect o f condition [F(1.5, 16.9) = 4.8, 
p < 0.05] and an interaction effect o f time by condition [F(1.9, 21.4) = 6.9, p < 0.01]. 
These two effects indicate that significant condition differences were present and that 
the pattern o f these differences changes across time. Contrast analysis revealed this 
pattern to be that all conditions showed a difference from NO in the early time 
window [Fs(l, 11) > 4.9, p < 0.05] whilst there were no other significant condition 
differences in the two time periods.
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Figure 4-3. (A) Grand average foreperiod CNV at electrode sites FCz, Cz and CPz and pooled over 
fifteen central electrode sites (FC1-4, FCz, C l-4, Cz, CP 1-4, CPz) in each condition. Shaded bars 
indicate two 300ms time windows selected for formal analysis of early and late CNV. (B) 
Topographical maps from 100ms time windows during the early and late CNV projected onto a 
realistic head surface for each condition. Scale is 0.5|iV/step.
The significant result in the early time window most likely reflects the difference in 
CNV amplitude in the NO condition as a result o f the earlier large positive 
component (onset ~300ms, peak ~500ms post-Sl) that is absent in the movement 
conditions.1 However, late CNV amplitude differences between the three movement
1 This large positive component was also observed in the NO condition only in Study 3 in both the 
execution and imagery data. It is known that a large positive component at this latency (known as the 
P300 or P3) is elicited following presentation of a stimulus that is infrequent with respect to other 
experimental stimuli (often called an oddball stimulus, (Patel & Azzam, 2005) ). The NO prime can 
be considered an oddball stimulus due to its relative infrequency compared with stimuli that instruct 
some form of movement.
MEAN
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conditions and the control condition were not evident in the present study. 
Topographical maps provide further evidence o f the absence o f preparatory activity 
(compared w ith the control condition) in the three movement conditions with only a 
very weak centroparietal negativity evident in the last past o f the foreperiod (Figure 
4-3). These findings in the context o f observed movements contrast w ith that o f the 
execution and imagination data (Study 3) where significant CNV activity was shown 
over central electrodes in the last part o f the foreperiod. W hilst a lack o f preparatory 
activity in the present study may indeed reflect a fundamental difference in the 
preparation for observed movements compared with executed and imagined 
movements, a note o f caution is required when interpreting unexpected negative 
results. Subsequent testing was performed to further investigate the absence o f grand 
average condition differences as described below.
Four participants in the present study did not participate in Study 3 (see 4.3.1 
Participants). These participants were matched for age, gender and handedness to 
those participants that they replaced in order to provide the optimum sample for 
comparison between the studies. However, it is important to rule out the possibility 
that the unexpected findings in the present study are as a result o f differences in the 
two participant pools. To investigate this, grand average ERPs were recalculated 
including only the eight participants who also took part in Study 3. The result pattern 
for the CNV data revealed by this analysis was very similar to that reported above 
except that the early difference between the AMB and SIM and the NO conditions 
showed a trend (p=0.08, p=0.09, respectively) rather than demonstrating significance 
- most likely due to a reduction in test power caused by the smaller sample size. It 
seems likely based on this analysis that the participants who were not in the Study 3 
sample are not substantially affecting the overall result pattern.
4.4.3. Individual data
It is useful when predicted grand average condition differences are not found to 
examine individual data to investigate whether any individuals show the expected 
effects. Individual CNV data was analysed in the late time window, when the largest
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effect at central electrode sites was expected. I f  any individuals demonstrate the 
expected CNV effects o f a prime for movement (based on the data from Study 3) this 
would suggest that it is indeed possible to elicit such effects in the context o f 
movement observation. Conversely, i f  no individuals demonstrate the expected effect 
this supports the idea that preparation for observed movements is fundamentally 
different from that o f preparation for executed and imagined movements. This logic 
is similar to that used in Study 2 (see Chapter Three) where individual effects were 
demonstrated despite the absence o f condition differences in the grand average data.
Figure 4-4 shows, for each individual, the effect on CNV at central electrode sites for 
each o f the three movement conditions. The effect for each movement condition 
(AMB, SIM and COM) is calculated in two steps. Firstly, mean amplitudes in the 
late time window were pooled across the fifteen pre-selected sensorimotor electrodes 
(see 4.3 Methods) in each condition. Secondly, the control (NO) condition amplitude 
was subtracted from the amplitude in each movement condition. Larger negative 
values indicate a stronger effect o f a prime for movement observation. For 
comparison purposes, equivalent data from the execution session in Study 3 is 
overlaid on Figure 4-4 for those participants who took part in both studies (N=8). 
This figure shows two relevant individual effects. Firstly, all individuals showed very 
similar, weak, foreperiod effects in the present study, including those who had shown 
the strongest effects o f a movement prime in Study 3. This is in contrast to Study 2 
o f this thesis where individual data demonstrated that two participants in particular 
showed individual effects despite a lack o f effect in the grand average data. 
Secondly, the individual data further confirms that the replacement o f four 
participants from the Study 3 sample is not causing the absence o f CNV effects in the 
present study as these participants do not show any substantial deviation from the 
rest o f the sample (Figure 4-4).
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Figure 4-4. Late foreperiod CNV effects of a prime for movement observation for each individual. 
Mean CNV amplitudes in the late time window (see 4.3 Methods) were pooled over fifteen central 
electrode sites (FC1-4, FCz, C l-4, Cz, CP 1-4, CPz). Data is shown per participant with the NO 
condition subtracted from each condition. Larger negative values indicate a stronger effect. White 
overlaid bars show comparison data from Study 3 for the execution session. X marks the four new 
participants in this sample.
4.4.4. Lateralised potentials
Lateralised event-related potentials (ERLs) in the foreperiod were calculated for left 
and right-hand responses in each condition using a two-step calculation (see 4.3 
Methods). For comparison with data from the execution session in Study 3 the SIM 
and COM conditions were combined as these showed the strongest effects and the 
greatest sim ilarity in the execution data. The rationale behind combining conditions 
in the present study is to provide a greater signal-to-noise ratio as the foreperiod 
CNV effect is very small. In the late part o f the foreperiod, when condition 
differences in the CNV were not evident, there was a corresponding absence o f ERL 
activity (Figure 4-5).
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Figure 4-5. Lateralised potentials for observation (the present study) and execution (Study 3) data. (A) 
Waveforms pooled over four anterior, posterior and frontocentral sites respectively. Grey bars indicate 
100ms windows around peak activity in the execution data. (B) Scalp distributions of activity 
averaged across the 100ms windows for observation and execution data respectively. Maps were 
produced using Brain Vision Analyser by spherical spline-interpolation. Plotted electrodes are those 
used for average waveform analysis in each time window.
Interestingly, the ADAN and LDAP attentional components observed in Study 3 
were also absent (or very much attenuated) in the observation data as shown in 
Figure 4-5.
To test these observations formally, a three-way repeated-measures ANOVA with 
factors session (execution, observation), site (anterior, frontocentral, posterior) and 
window (3 levels) was used to compare mean amplitudes in the three selected time 
windows. This revealed a significant window by session interaction [F(2, 22) = 6.7, 
p <  0.01], a session by site interaction [F(2, 22) = 7.1, p < 0.005] and, most 
importantly, a session by window by site interaction [F(2.9, 31.8) = 3.5, p < 0.05]. 
This last effect indicates that the pattern o f activity at electrode sites over the three 
time windows differs in the two sessions, confirming the observation that activity is 
attenuated in the observation data (Figure 4-5). To comprehensively investigate this 
effect, single-sample contrast t-tests tested, per site, ERL amplitude deviations from
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baseline in each time window. These tests revealed no significant difference' from 
baseline activity in  any o f the three time windows [ts (l, 11) < 1.7, p > 0.1] in the 
observation data.
4.4.5. ERD/ERS
ERD/ERS data in the beta range was analysed identically to Study 3 for comparison 
purposes. Sustained activity in the period post-S2 presentation (the ‘active’ 
observation period) was examined in the SIM and COM conditions whilst the AMB 
condition, most relevant with respect to preparation, was not included.
Similar to the execution and imagination sessions in Study 3, an ERD in the beta 
frequency range developed over central electrode sites during the sustained 
observation period. Importantly, this ERD was not observed in the NO condition 
which remained at baseline except for periods directly after stimulus presentation 
(Figure 4-6). A  difference in ERD power was evident between the SIM and COM 
conditions during the observation period which mirrors findings in the execution and 
imagination sessions o f Study 3. This difference was formally tested by calculating 
mean ERD power at central electrode sites in a Is time window in the middle o f the 
observation period (Figure 4-6). A  one-way repeated measures ANOVA with factor 
condition (NO, SIM, COM) revealed a significant effect o f condition [F ( l. l, 12.3) = 
28.9, p < 0.001]. Contrast analysis indicated a significant difference between the NO 
and both other conditions [Fs(l, 11) > 23.0, p < 0.005] and between the SIM and 
COM conditions [F (l, 11) = 28.8, p < 0.001].
A t lateralised electrode sites ERD waveforms showed bilateral activity in left and 
right-hand trials, concordant with findings in execution and imagination sessions in 
Study 3. Topographical maps indicate two lateral foci o f ERD activity over central 
electrodes during the observation period that are very similar in SIM and COM 
conditions (although attenuated in the SIM condition).
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Figure 4-6. Grand average beta ERD/ERS (17-26 Hz) at central electrode sites. Negative values 
indicate a power decrease (ERD) and positive values an increase (ERS). (A) Waveforms at lateralised 
electrode sites C3 and C4 for left and right-hand trials. (B) Waveforms pooled over fifteen central 
electrode sites (FC1-4, FCz, Cl-4, Cz, CP 1-4, CPz) in each condition. Shaded bars show the baseline 
period (baseline calculated from NO condition) and ls time window during observation used for 
formal comparison. (C) Grand average ERD/ERS topographical maps from 500ms time windows 
during the observation period and following the stop cue.
Following the end o f movement observation a transient frontocentral ERS (power 
increase) can be observed very similar in distribution to that shown in the 
imagination session in Study 3.
4.4.6. EMG and HEOG
EMG recording was used to test that participants did not make inadvertent 
movements during the foreperiod or whilst observing movements. A ll left and right 
trials were combined respectively producing average traces for the left and right 
hand. These are shown in Figure 4-7 which compares this data to equivalent data
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from the execution session in Study 3. This shows the absence o f EMG activity 
throughout the observation trials.
Additionally, for confirmation that no horizontal eye movements were present during 
the foreperiod HEOG waveforms are shown in Figure 4-8 for left and right-hand 
trials.
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Figure 4-7. Grand average EMG traces for the left and right hand, pooled over all left and right hand 
trials respectively. Results are shown for (A) execution data from Study 3 and (B) data from the 
present study.
S1 S2
 L H R H
Figure 4-8. Grand average HEOG waveforms for left and right-hand trials during the foreperiod 
showing the absence of horizontal eye movements.
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4.5. Discussion
The present study used high-density EEG recorded in an S1-S2 response-priming 
paradigm to examine the effects o f providing advance information about upcoming 
observed movements on preparatory activity. The first aim was to investigate 
modulation o f preparatory activity elicited by the provision o f advance information 
about task complexity. This was addressed by a study o f foreperiod CNV.
4.5.1. Foreperiod CNV
In the late part o f the foreperiod no significant differences were evident between 
CNV amplitude at central electrode sites in AMB, SIM and COM conditions 
compared w ith the control (NO) condition (Figure 4-3). This is in  contrast to the 
findings in Study 3 which showed a clear modulation o f foreperiod CNV with 
advance information dining preparation for executed and imagined movements. This 
finding is also not consistent w ith recent work demonstrating preparatory activity 
prior to observed movements (Calmels et al., 2006; Kilner et al., 2004). Based on the 
direct-matching hypothesis (Rizzolatti et al., 2001), which argues that existing neural 
representations o f actions are activated through motor observation, it was further 
predicted that specific modulations in CNV activity would be elicited by advance 
information about upcoming response hand.
The absence o f preparatory CNV effects in the present study, contrasting w ith 
previous work and theoretically unexpected, demands further explanation. Due to the 
inherent lack o f behavioural data in a covert task, it is necessary to evaluate i f  
participants demonstrated a failure to attend to or engage in the observation task as 
required. There are a number o f reasons for rejecting this interpretation. Firstly, 
responses in catch trials (see Figure 4-2), which were designed to make .sure that 
participants were attending to the on-screen observation, show that all participants 
scored well above chance. The study design meant that participants did not know 
until the end o f movement presentation whether they would be tested on how many 
individual thumb-finger oppositions were shown. Therefore to perform well in the
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catch trials participants would have to attend well throughout the experiment. 
Secondly, the ERD findings (Figure 4-6) showed an enhanced beta 
desynchronisation over sensorimotor areas in the SIM and COM conditions 
compared w ith the NO condition. Additionally, there was a distinction between the 
SIM and COM conditions w ith respect to beta ERD (for more detail see 4.5.3 
ERD/ERS). This is further evidence not only that participants were engaging in the 
task during the observation period but also that simple and complex observed 
movements elicited differential brain activity during this period. In order for this 
distinction to be shown, participants must have maintained good attendance to the 
on-screen movements. Thirdly, analysis o f the individual data revealed: a) No 
individual showed the expected CNV pattern in the foreperiod so the lack o f effect in 
the grand average data cannot be attributed to the ill-performance o f particular 
individuals, b) The four participants in the present sample that did not participate in 
Study 3 were not the cause o f the lack o f effect in the present study as their data 
showed no substantial deviation from the rest o f the sample. This evidence together 
suggests that the absence o f a foreperiod CNV effect in the present study reflects a 
fundamental difference in preparation for observed movements in the S1-S2 
paradigm compared w ith executed and imagined movements. This idea is expanded 
upon later in this discussion (see 4.5.4 Implications for the direct-matching 
hypothesis).
4.5.2. Lateralisedpotentials
The second aim o f the present study was to provide a detailed comparison o f 
lateralised foreperiod activity prior to executed and observed movements elicited by 
a prime for response hand. The lateralised data is derived from the original CNV 
potentials and the absence o f a CNV effect in the movement conditions in the late 
part o f the foreperiod was mirrored by a corresponding lack o f lateralised activity in 
this time period (Figure 4-5). A  more interesting result was observed when 
examining activity at latencies and electrode clusters associated with the ADAN and 
LDAP spatial attention components. In the present study these components were 
greatly attenuated and did not show a significant amplitude deviation from baseline.
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This provides further support for the inference drawn in Study 1 (see Chapter Two) 
that the elicitation o f these components in the response-priming task is through 
neural mechanisms linking spatial attention w ith the selection/preparation o f an 
upcoming response. The present study used identical SI arrowhead stimuli to those 
o f Study 3 to indicate an upcoming left or right-hand movement and yet participants 
did not appear to use this as a trigger for a covert shift o f spatial attention in the 
present study. This is particularly noteworthy since the SI stimulus indicated that 
video playback o f movement to the left or right o f fixation would shortly occur.
Based on this evidence, the triggering o f attention-related activity in the response- 
priming paradigm can therefore be interpreted as being dependent upon initiation o f 
response preparation w ith the left or right-hand in line w ith the premotor theory o f 
attention (see Chapter One). The data further suggests that provision o f advance 
information about task-relevant side through a spatial cue (i.e. an arrowhead) was not 
by itse lf sufficient to evoke a covert shift in attention in the appropriate direction.
4.5.3. ERD/ERS
The analysis o f cortical oscillatory modulations in the present study was used to 
exploit ERD/ERS data as an index o f the involvement o f sensorimotor areas during 
the active observation phase. In the present study a lack o f a significant preparatory 
effect (see 4.5.1 Foreperiod CNV) may have reflected a corresponding absence o f 
motor-related activity during the observation period and an analysis o f ERD/ERS in 
this phase was earned out to assess this hypothesis. The suppression (or 
desynchronisation) o f oscillatory activity in the beta frequency range during 
movement tasks has been associated w ith cortical activation in the pre-rolandic 
motor region anterior to the central sulcus (Leocani et al., 2001; Pfurtscheller &  
Lopes da Silva, 1999; Salmelin et al., 1995). This suppression o f beta activity 
typically displays a bilateral pattern, even when unimanual movements are 
performed (Manganotti et al., 1998; Szurhaj et al., 2003). In Study 3, ERD/ERS data 
was in accordance w ith these findings during the overt performance o f sequential 
finger movements. Additionally, beta ERD showed significantly greater power
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during the execution o f a complex compared with a simple movement sequence, a 
distinction that was also demonstrated in the study o f Manganotti et al. (1998) with 
similar repetitive sequences o f finger movements.
In the present study a similar pattern o f oscillatory activity to that o f the execution 
session was evident during the movement observation period. Topographical maps 
show bilateral foci o f beta ERD over central areas and ERD power amplitudes at 
central and lateral sites are consistent w ith those elicited during overt movement (see 
Figure 4-6). This is good evidence o f a role for the sensorimotor cortices during the 
active phase o f observation o f movements, a finding that is consistent with previous 
EEG work (Babiloni et al., 2002; Cochin et al., 1998; Muthukumaraswamy & 
Johnson, 2004). In the present study, this finding implies that the absence o f 
preparatory activity is not due to the lack o f recruitment o f motor-related neural areas 
during the task itself.
4.5.4. Implications for the direct-matching hypothesis
Overall the results in this study indicated an absence o f motor-related preparatory 
activity for an upcoming observed movement, despite the provision o f information 
about the movement in advance. One straightforward explanation might have been 
that observation o f movements did not involve the recruitment o f sensorimotor areas 
in the brain, even during the active phase. Although previous studies have 
demonstrated recruitment o f sensorimotor brain areas during movement observation 
(Aziz-Zadeh et al., 2002; Babiloni et al., 2002; Buccino et al., 2001; Cochin et al., 
1998; Cunnington et al., 2006; Hari et al., 1998; Suchan et al., 2008) the evidence is 
not unequivocal. Some studies have reported that involvement o f the m irror neuron 
system in movement observation is dependent upon particular features o f the 
movements being viewed. For example, Maeda et al. (2002) showed using TMS that 
facilitation o f the motor system is greater when the observed actions are performed 
w ith hands in the same orientation as those o f the observer. Perani et al. (2001) found 
that a virtual reality reconstruction o f hand movements elicited activity in mainly 
visual brain areas whilst viewing a real hand performing the actions recruited parietal
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areas known to be involved in sensorimotor integration. Muthukumaraswamy & 
Johnson (2004) found that observing a purposeful action such as manipulation o f an 
object elicited activity in sensorimotor areas that observation o f aimless thumb 
contractions did not2.
Analysis o f cortical oscillatory activity during the observation period (see 4.5.3 
ERD/ERS) provided clear evidence o f activation in sensorimotor areas during the 
observation task in the present study, however. It is therefore necessary to seek 
another explanation for why preparation for observed movements shows a distinct 
deviation from that o f executed and imagined movements. As discussed extensively 
in Chapter One, the provision o f valid advance information about an upcoming 
executed movement yields faster response times than when invalid (or no) 
information about the movement is available. The prevailing view (supported by the 
studies in Chapters Two and Three o f this thesis) is that this performance benefit is 
partly attributable to preparatory activity in motor cortical areas prior to movement 
onset (Dassonville et al., 1998; Jentzsch &  Leuthold, 2002; Lee et al., 1999; 
Leuthold &  Jentzsch, 2001; U lrich et al., 1998). In terms o f overtly executed 
movements, then, it is hypothesised that a portion o f the processing required to 
produce a response is carried out in advance, placing the motor system in a 
preparatory state. Subsequent execution o f the response from this prepared state 
(w ith valid advance information) is thereby facilitated in comparison to execution o f 
an invalid or unspecified movement. Study 3 o f this thesis demonstrated that a 
similar effect on preparatory activity was present in the context o f imagined 
movements. Although there is no observable behavioural counterpart to an imagined 
movement both motor execution and imagery may be considered as the proactive 
generation o f a response (through either overt muscle movement or internal mental 
representation). Observation o f movement may, by contrast, essentially be viewed as
2 It is worth pointing out that, based on the studies discussed in the text, the presentation of 
movements in the present study were, specifically chosen to be real hand movements whose 
orientation matched that of the participants hands. Additionally, although they were in one sense 
aimless movements, the use of catch trials (in which participants behavioural performance was based 
upon exactly what type of movement was carried out) was intended to render these movements more 
meaningful to participants.
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a reactive (or passive) process where activity in the motor system is not generated by 
an internal w ilfu l act on the part o f the participant but instead is triggered by the 
onset o f the observed movement. Hypothesising movement observation as a passive 
process places the emphasis more on understanding and representing the action to 
oneself rather than the active generation o f the movement (either overtly or covertly). 
Consequently, this hypothesis would argue that preparatory activity that typically 
facilitates movement generation is not likely to be shown prior to observed 
movements. Interestingly, previous EEG work comparing active and passive wrist 
movements has provided support for this idea (Alegre et al., 2002; Muller et al.,
2003). Active movements in these studies were internally generated by the 
participant whilst passive movements were identical except driven by an external 
mechanical device attached to the limb. M uller et al. (2003) and Alegre et al. (2002) 
both showed that pre-movement EEG components evident approximately Is prior to 
the onset o f active movements were absent prior to passive movements whilst 
activity during actual movement was very similar. The lack o f preparatory activity in 
the present study supports the idea that movement observation is a passive act that 
does not benefit from prior preparatory processing.
The direct-matching hypothesis o f movement observation postulates that observed 
movements are mapped onto existing action representations in the observer’s motor 
system thereby enabling the observer to effectively internally represent the action. It 
was predicted that activation o f existing representations o f movement would yield 
preparatory activity prior to movement onset in line w ith execution and imagery 
findings. Preparation for upcoming observed movements was not evident in the 
present study, however, suggesting that the direct-matching hypothesis cannot be 
extended into the preparatory phase. However, it is important to recognise, as 
discussed above, that this interpretation does not invalidate application o f the direct- 
matching hypothesis to the active observation phase itself. It is s till valid to infer that 
activity in sensorimotor cortices during the active phase reflects elicitation o f the 
observer’s own internal representation o f the movement, despite the absence o f 
preparatory motor activity in the foreperiod.
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Findings in the present study conflict w ith those o f Kilner et al. (2004) and Calmels 
et al. (2006) who provided electrophysiological evidence o f motor preparatory 
activity prior to observed movements. It is clear that investigation into the 
preparation o f observed movements is in its infancy and the contrasting results 
between the present study and previous work show that further work is required in 
this field. It is worth pointing out, however, that in the study o f Calmels et al. (2006) 
participants were asked to observe finger movements w ith the intention o f imitating 
these actions at a later stage. This may have increased the likelihood o f the mental 
rehearsal o f these movements whilst watching them in order to aid later repetition. A 
possible confound o f motor observation and motor imagery may therefore have been 
introduced in this study. In addition, as Calmels et al, (2006) themselves point out in 
their discussion, EMG was not recorded making it d ifficu lt to assess the extent to 
which participants’ hands remained s till throughout the observation period.
4.6. Conclusion
The present study compared the effects on preparatory activity in an S1-S2 response- 
priming paradigm o f providing advance information about upcoming simple and 
complex sequential finger movements (o f the left and right hand) in a movement 
execution and observation context. It was shown that when movements are observed, 
advance information about the upcoming movement does not e licit preparatory 
activity in cortical motor areas. This is in contrast to modulations in foreperiod 
preparatory activity shown in both overt execution and motor imagery tasks (Study 
3) when advance movement information is provided by S1. It has been proposed that 
observation o f movement activates existing neural representations o f actions in a 
mirror neuron system o f the observer (the ‘direct-matching’ hypothesis, (Rizzolatti et 
al., 2001) ). It was predicted, based on this hypothesis, that similarities in motor 
cortical activation between movement execution and observation would extend into 
the preparatory phase. Results were not in line w ith this prediction and led to the 
hypothesis that movement observation is a passive act and hence fundamentally 
different from movement execution and motor imagery that are associated with a 
proactive generation o f a response.
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Chapter Five: General discussion
5.1. Overview
The aim o f this thesis was to contribute to an understanding o f underlying functional 
and neural similarities in the production o f an overt movement compared with 
imagined and observed movements. Based on previous work showing activation o f 
brain areas related to execution o f a movement during motor imagery or observation 
it has been proposed that neural mechanisms underlying imagery and observation 
activate existing internal representations o f motor actions. This concept is embodied 
in two theories, the neural simulation theory o f motor imagery (Jeannerod, 2001) and 
the ‘direct-matching’ hypothesis o f motor observation (Rizzolatti et al., 2001). 
Support for these theories has been largely demonstrated by investigating the ‘active’ 
phase o f movement, i.e. when imagery or observation o f movement actually takes 
place. The aim o f the empirical work in this thesis was to extend these findings by 
studying the preparatory phase prior to imagery or observation onset. The elicitation 
o f preparatory motor activity prior to an overt movement has been well-established 
and the study o f the preparatory phase affords a further understanding o f the extent 
o f similarities in motor imagery, observation and overt execution. More specifically, 
the studies in this thesis investigated effects o f the provision o f advance information 
about an upcoming movement on preparatory activity in a motor execution, imagery 
and observation context. Providing advance information about parameters o f an 
upcoming movement has been shown to elicit specific modulations in preparatory 
activity prior to overt movement onset. The neural simulation theory and direct- 
matching hypothesis predict that similar modulations would exist prior to motor 
imagery and observation as they postulate that existing neural representations o f 
actions (i.e. those involved in production o f an overt movement) are activated in 
these alternative movement modes. This thesis used high-density EEG recorded in an 
S1-S2 response-priming paradigm to examine whether it is valid to extend the 
application o f these two theories into the preparatory phase o f movement.
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5.2. Summary of empirical findings
5.2.1. Study One
The purpose o f Study 1 was to establish a suitable S1-S2 response-priming 
experimental paradigm for investigating the main thesis aims. This was achieved in 
two specific ways. Firstly, the study assessed the impact on typical response-priming 
effects o f including a control condition (priming no-response) that was interspersed 
w ith primes for movement. A  control condition is particularly important in the 
context o f imagined and observed movements when priming effects are not well- 
established. Study 1 replicated priming effects previously reported in the literature 
for primes for response hand (informative) and an uninformative prime. Reaction 
times showed the typical response-priming pattern (informative < uninformative < 
invalid trials). Following an informative prime hand-specific preparatory activity was 
demonstrated (as indexed by lateralised ERPs) that was absent in the uninformative 
condition. Thus it was concluded that insertion o f a control condition that is 
interspersed w ith primes for movement does not affect the typical priming effects 
elicited in the response-priming paradigm. However, an unexpected finding was that 
motor-related preparatory activity was observed in the control condition that was 
similar to that following an uninformative prime. This was attributed to the presence 
o f a small number o f invalid tr ials that led to participants paradoxically preparing for 
the least likely outcome (a response) in the control condition. It was concluded that 
an effective control condition must be 100% predictive o f no movement thereby 
representing a passive viewing o f the experimental paradigm.
Secondly, Study 1 drew on previous work in the fields o f both motor preparation and 
spatial attention to model lateralised activity during the S1-S2 interval (foreperiod) 
using EEG dipole source analysis. Lateralised activity is elicited by the provision o f 
advance information about response hand (left or right). Study 1 revealed, in line 
w ith previous findings, lateralised activity related to motor preparation (Leuthold & 
Jentzsch, 2001, 2002; U lrich et al., 1998) and early spatial attention processing 
(Eimer et al., 2005; Praamstra et al., 2005; Verleger et al., 2000). Study 1 further
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extended published work by modelling attentional and motor-related components in 
a combined dipole source model. This demonstrated the separation o f attention- 
related and motor-related activity in the premotor cortex, a finding supporting the 
premotor theory o f attention (Rizzolatti et al., 1987). It was concluded that 
selection/preparation o f a motor response w ith the left or right hand is an automatic 
trigger for a related covert shift o f spatial attention to the responding hand. In 
addition to the theoretical implications o f the source localisation, the model o f 
lateralised foreperiod activity was further utilised as the basis for a detailed 
investigation o f lateralised activity elicited by advance information about response 
hand prior to imagined and observed movements.
5.2.2. Study Two
The aim o f Study 2 was to use the paradigm established in Study 1 to compare 
preparatory activity prior to the production o f an executed or imagined response. The 
intention was to investigate modulations in preparatory activity by a prime for 
response hand (left or right) and an uninformative prime (response hand unknown). 
W hilst Study 2 replicated findings fi*om Study 1 in the context o f executed 
movements, no significant preparatory effects were demonstrated prior to production 
o f an imagined response. This was an unexpected result and was interpreted in the 
light o f possible methodological problems. Whilst a few participants showed 
individual preparatory effects for imagined movements, the majority o f participants 
did not. It was concluded that two main methodological issues contributed to this 
result. Firstly, specific instructions to perform kinaesthetic imagery (or ‘first-person’ 
imagery) were not supplied which may have resulted in participants employing 
visual imagery. Kinaesthetic imagery has been, shown to be more likely to elicit 
activity in brain areas associated with motor execution (Lim  et al., 2006; Neuper et 
al., 2005). Secondly, the imagined movement consisted o f a single button-press 
response that may not have been sufficient to fu lly  engage participants in the imagery 
task (an assessment that is d ifficu lt to make without an overt behavioural measure). 
Additionally, the use o f large stimuli (the edges o f which fe ll outside o f participants’ 
foveal vision) in Study 2 introduced small, systematic eye movements in the
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direction o f the responding hand. The EEG artifact resulting from these eye 
movements meant that the study o f lateralised motor-related potentials was 
compromised and it was recommended for future studies that stimuli are restricted to 
participants’ foveal vision.
5.2.3. Study Three
Study 3 was designed to address the methodological problems raised by Study 2 in 
order that modulations in preparatory activity with advance information prior to 
imagined movements could be investigated. Movements were amended from simple 
button presses to simple and complex sustained sequences o f fmger-thumb 
oppositions. Advance information was always provided about response hand (left or 
right) and additionally either a simple, complex or ambiguous (unknown complexity) 
movement was primed. The aim o f Study 3 was to compare effects on preparatory 
activity o f this advance information in the context o f executed and imagined 
movements. There were two main findings from this study. The first is that advance 
information about response hand resulted in very similar effects on lateralised 
preparatory activity prior to executed and imagined movements. This lateralised 
activity was modelled w ith dipole source analysis using the source model developed 
in Study 1 as a template. Source models for execution and imagination data were 
consistent with the findings o f Study 1 and further displayed a marked sim ilarity in 
the latency and localisation o f components for executed and imagined movements. 
This is a novel finding in the context o f imagined movements and suggests the close 
link between motor preparation and spatial attention (in line with the premotor theory 
o f attention) is maintained when movements are imagined. In a similar manner to 
executed movements, it was speculated that preparation o f an imagined response 
with the left or right hand is a trigger for a shift in spatial attention, most likely 
through underlying neural mechanisms in the premotor cortex. This was interpreted 
as further support for the neural simulation theory o f motor imagery, which supposes 
that imagination o f movement activates existing neural representations o f movement 
(see 5.3 Theoretical implications o f findings). The second finding was that advance 
information about movement complexity, by contrast, did not e licit the same effects
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prior to executed and imagined movements. Enhanced preparatory activity was 
observed prior to execution o f a complex movement compared w ith a simple 
movement in line w ith previous work (Cui et ah, 2000a). Prior to imagined 
movements this distinction was not evident w ith preparatory effects o f advance 
information about movement complexity showing little  difference. It was concluded 
that this contrasting result reflected a reduced contribution o f primary motor areas to 
the late stages o f preparation for motor imagery. This demonstrates that, even in the 
preparatory phase, motor execution and imagery cannot be considered identical and 
highlights a specific parameter o f movement (complexity) that elicits a distinction 
between the two.
5.2.4. Study Four
Study 4 was a follow-up study to Study 3 w ith identical aims except for in  the 
context o f a comparison between preparation for executed and observed movements. 
A  matched participant pool and experimental design was used to that o f Study 3 as 
preparation for a covert movement had already been demonstrated under these 
conditions. In contrast to findings w ith executed and imagined movements no motor- 
related preparatory activity was evident prior to onset o f an observed movement. The 
lack o f an effect o f advance information in this movement mode was evident despite 
the involvement o f sensorimotor areas during the observation period itse lf as 
evidenced by cortical oscillatory activity. This finding was interpreted as reflecting a 
fundamental difference between the preparation for movement observation and that 
o f both executed and imagined movements. This difference was attributed to motor 
execution and imagination representing a w ilfu l generation o f a motor act on the part 
o f the participant whilst motor observation was viewed as a passive or reactive mode 
o f movement. An absence o f preparatory activity prior to passive (driven by an 
external device) versus active (internally generated) movements has previously been 
found (Alegre et al., 2002; M uller et al., 2003) echoing the findings for observed 
movements here. An additional finding in Study 4 was that the absence o f motor- 
related preparation during the foreperiod was accompanied by a corresponding lack 
o f early attentional activity (which in Study 3 had been demonstrated in both an
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execution and imagery context). This supports the conclusion drawn in Study 1 that 
attention-related activity in the response-priming paradigm is strongly linked to the 
preparation o f a response specifically and not just the provision o f directional 
information relevant to the task.
5.3. Theoretical implications of findings
5.3.1. Motor imagery
In a review o f motor imagery research Jeannerod (2001) outlined the neural 
simulation theory o f motor imagery stating that “ ...covert actions are in fact actions, 
except for the fact they are not executed.”  (p. 103). This theory hypothesises that 
underlying neural representations o f movements normally activated during 
movement execution are also the basis o f performing an imagined movement (though 
obviously not culminating in overt behaviour). Support for this idea has been 
plentiful w ith many studies demonstrating similarities in neural activation related to 
executing and imagining movements (Carrillo-de-la-Pena et al., 2006; Kuhtz- 
Buschbeck et al., 2003; Lotze et al., 1999; Michelon et al., 2006; Pfurtscheller et al., 
2005; Sharma et al., 2008; Szameitat et al., 2007). However, studies have typically 
focused on the ‘active’ phase o f movement production (during actual execution or 
imagery). An open theoretical question exists as to whether motor imagery also 
shares higher, preparatory motor processing w ith movement execution. Studying the 
preparatory phase o f movement, known to be an important pail o f motor production 
(see Chapter One), provides a broader context for the study o f the neural simulation 
theory. Hypothesising that existing neural representations o f movement are activated 
during motor imagery leads to the prediction that not only imagery itse lf but also 
preparation for imagery w ill be similar to that o f overt execution. A  few studies have 
examined the preparatory phase in motor imagery and provided in itia l evidence o f a 
sim ilarity in preparation for imagined and executed movements (Caldara et al., 2004; 
Cunnington et al., 1996; Jankelowitz &  Colebatch, 2002).
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This thesis reports new evidence that extends the application o f the neural simulation 
theory o f motor imagery to the preparatory phase o f movement. Preparatory activity 
prior to an executed movement is known to be modulated by advance information 
provided about the upcoming movement. It is thought, based on motor programming 
theory (see Chapter One), that providing advance information about a specific 
movement parameter allows activity related to the programming o f this parameter to 
be performed during the preparation phase. The neural simulation theory predicts 
that this ‘pre-programming’ would also be evident during preparation for motor 
imagery through activation o f existing movement representations. The evidence 
reported in this thesis (see 5.2.3 Study Three) is largely in line w ith this prediction. 
Activation o f both attention-related and motor-preparatory activity due to 
information about upcoming response hand in an execution and imagery context 
supports the theory that similar underlying neural mechanisms are being invoked in 
both modes o f movement.
Application o f the neural simulation theoiy to imagined movements comes w ith a 
caveat, however. W hilst the theory postulates that existing neural movement 
representations are activated dining motor imagery the movement itse lf is never 
finally executed. This w ill inevitably result in a distinction in neural activity related 
to motor execution and imagery and this distinction has typically been attributed to 
an attenuation o f activity in the primary motor cortex (M l) during motor imagery 
(Lotze et al., 1999; Stephan et al., 1995; Stippich et al., 2002; Sharma et al., 2008; 
Szameitat et al., 2007), The hierarchical model o f movement production (see Chapter 
One) implicates M l more heavily in the execution o f a movement and secondary 
motor areas during the preparatory phase (Bail et al., 1999; Cunnington et al., 2003; 
Leuthold &  Jentzsch, 2002; Matsumoto et al., 2003; Toma et al., 2002). Based on 
this model it would be reasonable to assume that preparation for motor imagery 
would more closely resemble that o f executed movements than the active phase 
itself. However, some studies have shown a contribution o f M l to the preparatory 
phase (G erloff et al., 1998; Michelon et al., 2006; Simon et al., 2002; Wiese et al.,
2004) suggesting that attenuation o f M l activity in motor imagery may affect the 
preparatory phase as well. In Study 3, differences in preparation for imagined and 
executed movements due to advance information about movement complexity were
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attributed to a differential involvement o f M l at the late stages o f preparation. 
Therefore, broadening the scope o f the neural simulation theory to the preparation o f 
imagined movements should be applied w ith the knowledge that motor imagery and 
execution are not identical states and this applies equally in the preparatory phase.
5.3.2. Motor observation
Interest in similarities underlying execution and observation o f movement was 
fuelled by the discovery o f ‘m irror’ neurons in the primate premotor cortex that 
showed activation both during production o f a movement and when the same 
movement was observed being performed by another (see Gallese et al., 1996). Since 
then many studies have investigated whether a similar m irror neuron system exists in 
humans and which brain areas may be activated during action observation (for a 
review see Rizzolatti et al., 2001). During observation o f movement (the ‘active’ 
phase) activation in sensorimotor cortices has been widely demonstrated (Aziz- 
Zadeh et al., 2002; Babiloni et al., 2002; Buccino et ah, 2001; Cochin et ah, 1998; 
Cunnington et al., 2006; Hari et al., 1998; Suchan et al., 2008). These findings led to 
the theory that activation o f the motor system reflects an internal representation o f 
the observed movement in the observer, presumably to aid understanding and 
potentially im itation o f the action. This theory has been termed the ‘direct-matching’ 
hypothesis by Rizzolatti et al. (2001). The direct-matching hypothesis has parallels 
w ith the neural simulation theory outlined above as they both suppose that existing 
neural representations o f actions w ithin the participant’s own motor system are 
activated under conditions o f covert movement. Accordingly, the direct-matching 
hypothesis also leads to the prediction that activation o f existing movement 
representations w ill yield preparatory activity associated w ith these movements when 
advance information is provided about an upcoming observed action. Two previous 
studies have provided in itia l evidence o f preparation for observed movements 
(Calmels et ah, 2006; K ilner et al., 2004) which Kilner et al. (2004) interpreted as 
suggesting “ .. .a more active role for this [m irror] system in setting up an anticipatory 
model o f another person’s action, endowing our brain w ith the ability to predict his 
or her intentions ahead o f their realization.”  (p. 1300).
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Findings in this thesis (see 5.2.4 Study Four) contrast with those o f Calmels et al. 
(2006) and Kilner et al. (2004) and demonstrate that the provision o f advance 
information about an upcoming observed movement does not e licit motor-related 
preparatory activity that is evident prior to execution or imagery o f the same 
movement. This was interpreted in terms o f observation being a passive act on the 
pail o f the observer rather than the w ilfu l generation o f a movement (overtly or 
covertly) associated w ith motor execution or imagery. W hilst the results from Study 
4 do not invalidate the use o f the direct-matching hypothesis to explain sensorimotor 
activation dui'ing movement observation itself, they do not support the application o f 
this theory to the preparatory phase o f movement. Instead motor-related activity 
appears to be triggered by the observed action without any contribution o f 
preparatory processing before movement onset.
5.4. Clinical implications of findings
In Chapter One the clinical relevance o f the fields o f motor imagery and motor 
observation were discussed in terms o f using these alternative modes o f movement as 
a means o f addressing motor rehabilitation in stroke-affected patients w ith poor 
residual movement. It is thought that the use o f imagery and observation o f 
movement in low-functioning patients may serve as a means o f activating their motor 
system without the need for the overt behaviour they are unable to perform. Sharma 
et al. (2006) and Pomeroy et al. (2005) recently conducted reviews on the potential 
o f using motor imagery and observation respectively as part o f a rehabilitation 
strategy in patients w ith impaired movement. Both reviews highlighted that clinical 
application o f motor imagery and observation would benefit from a fu ll 
understanding o f the degree o f sim ilarity in underlying activation between these 
alternative modes o f movement and overt motor execution. Successful rehabilitation 
o f lost motor function in patients who retain some degree o f residual movement post­
stroke generally involves the use o f repetitive movement exercises encouraging use 
o f impaired motor areas (e.g. constraint-induced movement therapy (CIT), (Liepert et 
al., 2000; Sterr et al., 2006)). It follows that rehabilitation using an alternative mode
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o f movement w ill be best served by that which most closely resembles overt 
execution in terms o f underlying neural activation.
The findings in this thesis are relevant to the debate about the use o f alternative 
modes o f movement in rehabilitation strategies. The work reported in this thesis 
provides a theoretical framework from which to investigate alternative modes o f 
movement in a clinical setting. In particular, the key finding o f this thesis was that 
commonalities between motor imagery and execution extend into the preparatory 
phase o f movement whereas this was shown not to be the case in movement 
observation. This is important because the preparatory phase o f movement has been 
shown to be an integral part o f the efficient generation o f a motor response (see 
Chapter One). Therefore it can be argued that a rehabilitation strategy that 
incorporates both preparatory and executive aspects o f motor production w ill serve to 
recover lost motor function more completely than one that concentrates on the active 
phase o f movement alone. Interestingly, as Sharma et al. (2006) describe, the use o f 
passive movements (those not internally generated by the participant) as a 
rehabilitation technique have not proved as beneficial as active movement strategies 
such as CIT. The authors suggest that this evidence supports “ ...a key role for 
voluntary drive in motor learning and neurorehabilitation.”  (p 1942). In studies w ith 
healthy participants, passive movements have been associated w ith a lack o f motor- 
related preparatory activity compared w ith internally generated w ilfu l movements 
(Alegre et al., 2002; M uller et al., 2003). In summary, based on a greater degree o f 
sim ilarity in neural activation to that o f overtly executed movements, this thesis 
argues for a preference in the use o f motor imagery rather than motor observation as 
an alternative form o f motor rehabilitation in impaired patients.
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5.5. Suggestions for future research
The studies in this thesis raise a number o f further questions that may be addressed in 
future work. In Study 1 a close link between lateralised activity relating to motor 
preparation and spatial attention was demonstrated following a prime for response 
hand (left or right). This finding raises the question as to the extent o f the 
contribution that is made by this attention-related activity to the efficient preparation 
o f a response. I f  this link between attention and preparation was disrupted, for 
example, would this substantially affect preparation or even execution o f the 
response? A  study to test this idea would use a similar S1-S2 response-priming 
paradigm as Study 1 except that in addition to indicating upcoming response hand, 
SI would also indicate the side o f the visual display on which the S2 imperative 
stimulus would appear. Thus not only does the task require preparation o f the 
appropriate response but also an explicit shift o f attention to one side o f visual space.
The important manipulation in this study would be that in one ha lf o f the experiment
**
participants would be instructed to prepare a response w ith the hand opposite to that 
o f the direction indicated by SI (incongruent trials). In the other half o f the 
experiment participants would prepare a response with the hand that matches the side 
indicated by SI (congruenttrials). This would yield 50% o f trials where the side o f 
response matched the side attention was shifted to and 50% where these were 
opposites. Hypothesising that an attention shift is a key element in effective response 
preparation would lead to the prediction that incongruent trials would show reduced 
motor-related preparatory activity and consequently increased reaction times 
compared with congruent trials. The purpose o f this study would be to provide a 
greater insight into how tightly attention and motor-related processing are integrated 
during response preparation.
Study 3 demonstrated the presence o f motor-related preparatory activity as a result o f 
advance information about the upcoming movement when participants performed 
motor imagery. In studies o f overt movement execution this advance preparation is 
thought to facilitate later execution o f the response evidenced by reduced reaction 
times when advance information is provided (see discussion in Chapter One). A 
question that is raised by Study .3 is whether imagination o f movement itself is
185
likewise facilitated by preparatory activity. This is d ifficu lt to assess in the case o f 
motor imagery as there is inherently no overt behaviour to measure. However, some 
studies have used behavioural measures to assess similarities in motor imagery and 
execution (M aruff et al., 1999; .Sabate et al., 2004). Typically, a self-report o f 
completion o f a sustained movement is obtained from participants yielding a measure 
o f the total time taken to complete a response for both movement execution and 
imagery. This behavioural measure could be incorporated into an experimental 
design similar to that o f Study 3 where, instead o f providing a stop signal on-screen, 
participants would verbally report when they had completed each movement. I f  
preparatory activity facilitates the production o f an imagined response in a similar 
way to that o f an executed response it would be predicted that reductions in total 
movement time would be observed for imagined movements in conditions where 
advance information was provided. An important consideration in the design o f this 
future study is that in previous studies participants typically performed multiple 
repetitions o f movements per tria l yielding total movement times that are longer than 
the two second period employed in Study 3 (up to four seconds in the study o f 
M aruff et al. (1999) and up to fifteen seconds in the study o f Sabate et al. (2004)). It 
makes sense when using self-reported data to use as long a movement period as 
possible in order to give the best chance o f detecting small differences across 
conditions. However in an EEG study, requiring many repetitions o f the same 
experimental condition for a good signal-to-noise ratio, a balance must be struck 
between movement time per tria l and maintaining a reasonable overall experiment 
duration. To achieve this a future study would have to reduce the number o f 
conditions used in Study 3 (perhaps employing just a control, an uninformative and 
an informative condition) in order to accommodate a longer movement period post 
S2 presentation.
Another potential method for testing whether preparing for an imagined movement 
provides a similar facilitation in the motor system to that o f executed movements 
would be a response-priming study that incorporated a condition where a prime (S I) 
for preparation o f an imagined movement was, in a small proportion o f trials, 
followed by a response cue (S2) indicating that an overt movement should actually 
be executed. According to the neural simulation hypothesis preparing for an
186
imagined movement w ill invoke activation o f neural movement representations 
involved in an overt response o f the same movement. It follows that preparation o f 
an imagined response should facilitate subsequent execution o f the response at the S2 
stage. Reaction time effects for executed movements preceded by participants 
preparing for what they believe to be an upcoming imagined response would be 
predicted that are similar to the typical case o f preparation for motor execution. 
However it is important to consider how including ‘ invalid’ imagination trials (where 
an executed response is actually subsequently required) might affect participants’ 
preparatory strategies. As Study 1 in this thesis showed in the case o f no-response 
trials, participants’ foreknowledge o f the presence o f invalid trials may change the 
way they behave in reaction to the prime stimulus. It could be argued that i f  
participants were aware that they may have to sometimes execute a response, despite 
a majority o f trials predicting motor imagination, they may prepare for this unlikely 
outcome in every tria l in order to maximise overt movement performance.
Study 4 demonstrated a lack o f preparatory activity in the context o f movement 
observation, a finding that contrasts w ith the studies o f K ilner et al. (2004) and 
Calmels et al. (2006). Investigation o f the preparatory phase in motor observation is 
in its infancy and future work may help to resolve the inconsistency between the 
findings in this thesis and previous work. In  particular, the contrast in  results between 
Study 4 and the study o f Calmels et al. (2006) is interesting because their study used 
a very similar* movement task to the simple movements employed in Study 4 o f this 
thesis (a sequential flexion/extension o f the index finger). A  potentially important 
difference in the study o f Calmels et al. (2006) was that participants were instructed 
to observe movements w ith a view to imitating these movements at a future time. In 
Study 4, participants were asked merely to watch the movements and count the 
number o f repetitions. A  future response-priming study could be designed to test 
whether watching actions w ith an intent to imitate is the crucial factor in eliciting 
preparatory activity prior to observed movements. The study would be divided into 
two halves. One half would be very similar to the design employed in Studies 3 and 4 
o f this thesis. In the other ha lf identical movements would be used but participants 
would be instructed that they w ill be tested on accurate reproduction o f these 
movements at a later time. A  comparison between preparatory activity in these two
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cases could then be made. However, as pointed out in the discussion o f Study 4, an 
important consideration in  interpreting any differences foimd is a potential confound 
o f motor imagery when movements are observed for later imitation. It cannot be 
determined whether, in order to aid memorisation o f movements for reproduction 
later, participants would adopt a strategy o f mentally rehearsing the movements 
whilst they are being displayed. In this case preparatory activity is likely to be shown 
as a result o f this motor imagery rather than specifically linked to observation o f 
movement. For comparison puiposes, this future study would therefore also have to 
include a movement imagination session similar to that o f Study 3 in this thesis.
In addition to these suggestions for future work addressing specific theoretical 
questions it is clear that generally more work is required to assess the application o f 
motor imagery and observation in a clinical setting. In particular, Pomeroy et al. 
(2005) highlights that testing the efficacy o f a motor observation task in 
rehabilitation o f lost motor function has yet to be carried out. Findings in this thesis 
suggest from a theoretical point o f view that motor observation is less likely to be an 
effective rehabilitation strategy than motor imagery. This conclusion is necessarily 
speculative, however, until a direct comparison o f the effectiveness o f these two 
alternative modes o f movement in recovery o f motor function is investigated. Whilst 
motor imagery has been employed as a rehabilitation technique with some success 
Sharma et al. (2006) point out that firm  conclusions are d ifficu lt to make due to the 
heterogeneity o f methodologies adopted in this research. Future studies that 
systematically assess the use o f motor imagery and observation as an effective means 
o f recovering lost function in patients with low residual movement w ill be useful in 
providing an applied context for the theoretical conclusions o f this thesis.
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5.6. Conclusions
This thesis presents new findings that contribute to an understanding o f similarities 
in underlying neural activity between overt execution o f a movement and two 
alternative modes o f movement -  motor imagery and motor observation. Whilst 
previous work has mainly focused on the active phase o f movement, this thesis 
extended this work by examining mechanisms o f higher, preparatory processes 
involved in motor control. Specifically, the effects on preparatory activity prior to 
movement onset o f providing advance information about the upcoming response 
were investigated. It was demonstrated in the context o f motor imagery that advance 
information modulates preparatory activity in a similar manner to that o f executed 
movements suggesting that shared neural mechanisms underly production o f an 
imagined and executed response. This supports the neural simulation theory o f motor 
imagery and extends application o f this theory to the preparatory phase o f movement. 
In the context o f motor observation, by contrast, it  was found that providing advance 
information did not e licit preparatory activity prior to movement onset. This was 
interpreted as reflecting the passive nature o f movement observation compared with 
the w ilfu l generation o f a motor action in movement imagery and execution. 
Consequently it was recommended that, o f the two alternative modes o f movement, 
motor imagery would be most effectively employed in an applied environment such 
as the rehabilitation o f patients with impaired motor functioning who cannot perform 
overt execution o f movement.
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A p p e n d i x  A
Right
p
preauricular
International 10/10 electrode placement system used in the experiments in this thesis. The head is 
viewed from above with the nose pointing forward. Electrode placement is based on anatomical 
landmarks (nasion, inion, left preauricular and right preauricular point). The distance from nasion to 
inion represents 100%. Electrodes Fpz - Oz are placed at 10% intervals along this line. Similarly the 
distance from left to right preauricular point is 100% and electrodes T7 -  T8 are placed at 10% 
intervals between these. Electrode Cz thereby represents the middle position (50%) along both these 
axes. All other electrode locations (64 in total) are measured relative to these cardinal points. The 
electrode sites marked in grey are those selected a prori for analysis o f sensorimotor activity based on 
their anatomical location. NOTE: In the experiments in this thesis a standard electrode cap 
(http://www.easycap.de/easycap) was used for every participant in which relative electrode locations 
were pre-determined. To align the cap on the head o f each participant, the distance from nasion to 
inion and from left to right preauricular was measured across their scalp and electrode Cz positioned 
at the centre o f these two axes.
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